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ABSTRACT
Impacts of Different Types of Volatile Fatty Acids on the Bacterial Selection in 
Enhanced Biological Phosphorus Removal Systems
by
Jose Christiano Machado Jr.
Dr. Jacimaria Ramos Batista, Examination Committee Chair 
Associate Professor, Department of Civil and Environmental Engineering 
University of Nevada, Las Vegas
The impacts of different carbon sources, particularly VF As, on EBPR’s microbial 
population were investigated using T-RFLP and FISH. System performance mid both 
general and specific microbial changes were investigated in SBR systems fed with 
acetate, propionate, butyrate, valerate, and glucose. Acetate and a mixture of acetate and 
propionate promoted the best P-removal. Butyrate and valerate lead the systems to fail in 
the long run. Glucose and propionate promoted poor EBPR, but the performance of the 
system fed with propionate improved with time. T-RFLP results indicated that short 
carbon chain VF As, long carbon chain VF As, and non-VFA favored different microbial 
populations in the systems. FISH results revealed that acetate and propionate 
successfully selected for the PAO, Candidatus accumulibacter phosphatis, while the 
other substrates tested did not. FISH analysis also showed that the GAO, Candidatus 
competibacter phosphatis, could not survive under any of the carbon feedings 
investigated, except under a feed containing a mixture of acetate and propionate.
I l l
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CHAPTER 1 
INTRODUCTION
Discharge of nutrients, particularly phosphorus, into water bodies may cause an 
excessive growth of algae and other microorganisms affecting water quality. Domestic 
wastewater is a major source of phosphorus and requires special treatment prior to its 
discharge to the environment. In conventional biological wastewater treatment systems 
such as activated sludge, microorganisms utilize phosphorus for cell growth while 
removing it from the wastewater. In these systems, the amount of phosphorus that can be 
removed from wastewater is limited by the amount of biodegradable carbon available for 
cell growth. For this reason, conventional activated sludge cannot achieve high 
phosphorus removal levels. However, phosphorus can be removed beyond the cell’s 
regular phosphorus requirements via Enhanced Biological Phosphorus Removal (EBPR). 
EBPR relies on certain bacteria capable of sequestering phosphorus in excess of their 
growth needs when exposed to consecutive cycles of anaerobic and aerobic conditions. 
This surplus phosphate is stored as polyphosphate granules and, for this reason, these 
bacteria are known as Polyphosphate Accumulating Organisms (PAOs).
Figure 1 shows a schematic of the EBPR process, which comprises three phases: the 
anaerobic, the aerobic, and the separation phase.
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Figure 1.1 - Basic scheme of the EBPR process illustrating the biochemical 
transformations in the system.
In the anaerobic phase influent wastewater is combined with recycled sludge. The 
wastewater contains nutrients, such as carbon, phosphorus, and nitrogen. The carbon 
sources include carbohydrates, proteins, and organic acids, particularly volatile fatty 
acids (VFAs). The recycled sludge contains PAOs that are rich in polyphosphate 
granules. When PAOs are exposed to anaerobic conditions, they take up VFAs (eg. 
acetate, propionate, butyrate) and convert them into polyesters of hydroxyalkanoates 
named polyhydroxyalkanoates (PHA). This storage process requires energy in the form 
of ATP; and, since it is a chemical reduction process, it also requires reducing power -  
electrons -  in the form of NADH. In order to provide energy for the PHA storage and 
cell maintenance, PAOs degrade intracellular polyphosphate, releasing soluble inorganic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
phosphate (Pi) to the aqueous phase (Wentzel et al. 1986, Comeau et al. 1986, Mino et 
al. 1987, Wentzel et al. 1991). Concomitantly, intracellular glycogen granules, which 
constitute an internal carbohydrate reserve, are degraded to provide the reducing power 
required for PHA formation (Mino et al. 1987, Wentzel et al. 1991).
In the second phase, under aerobic conditions, the carbon sources left in the system 
are not readily biodegradable (Wentzel et al. 1986) and cannot be consumed by PAOs 
(Comeau et al. 1986). This forces the PAOs to use their PHA reserves as carbon source 
for cell synthesis, ATP generation, and glycogen synthesis (Wentzel et al. 1991). 
Phosphate present in the aqueous phase is taken up for ATP formation and for storage as 
polyphosphate (PP).
In the last phase, microbial cells rich in polyphosphate are separated from the aqueous 
phase by sedimentation. A portion of these cells is recycled back to the anaerobic phase 
and part is wasted as sludge. Since the wasted biomass contains polyphosphate granules, 
the actual removal of phosphorus from the system takes place through the sludge wasting 
process.
It has been reported (Torien et al. 1990) that the first comprehensive laboratory study 
on Enhanced Biological Phosphorus Removal was carried out by Srinath et al. (1959). 
About five years later the term “luxury uptake” came about to describe the excess uptake 
of phosphorus by PAOs (Levin and Shapiro 1965). Despite investigating the uptake and 
release of phosphorus in EBPR systems, these pioneer studies did not assert the 
microbiology of the system. Early studies on EBPR’s microbiology applied culture 
dependent methods to isolate and identify bacteria responsible for EBPR. Acinetobacter 
spp. was the first PAO identified in EBPR (Fuhs and Chen 1975, Deinema et al. 1980,
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1985). However, several studies raised questions about the importance of Acinetobacter 
spp. in EBPR (Brodisch and Joyner 1983, Cloete and Steyn 1988, Mino 2000). 
According to Mino et al. (2000) Acinetobacter spp. is an obligate aerobe and cannot fit 
into the postulated models for PAO metabolisms, since it is not able to uptake acetate 
under anaerobic conditions. This issue is still controversial. Sidat et al. (1999) observed 
that Acinetobacter, even though present in small amounts, has higher phosphate 
accumulation capacity than other EBPR isolates, which suggests that Acinetobacter may 
be an important participant in EBPR process.
With the advent of molecular biology, new techniques (e.g. Fluorescence in Situ 
Hybridization -  FISH, Terminal-Restriction Length Polymorphism T-RFLP, and 
Denature Gradient Gel Electrophoresis DGGE) have been applied to investigate the 
microbiology of EBPR. These culture-independent methods lead to the identification of 
other PAO candidates such as the Rhodocyclus group (Bond et al. 1995) or Candidatus 
accumulibacter phosphatis (Hesselmann et al. 1999). Laboratory-scale studies and full- 
scale studies have confirmed the participation of these microorganisms in EBPR (Crocetti 
et al. 2000, Liu et al. 2001, Onuki et al. 2002, Levantesi et al. 2002, Zilles et al. 2002a). 
Other microorganisms such as Lampropedia ssp. and Microlunatus phosphovorus have 
also been investigated as potential PAOs.
Studies on Enhanced Biological Phosphorus Removal (EBPR) have focused on the 
biochemical aspects of the process including the release and uptake of phosphorus, the 
formation and degradation of PHAs, and the consumption and storage of glycogen. 
Despite elucidating the chemical processes that occur in EBPR, biochemical studies by 
themselves have not been able to explain why EBPR systems sometimes fail. Much
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attention has been given to the role of substrates, mainly volatile fatty acids, in the 
biochemical aspects of the EBPR process. It is currently accepted that the type of carbon 
source available to PAOs (eg. acetate, propionate, glucose) affects the performance of the 
process (Abu-ghararah and Randall 1991, Randall et al 1994, Randall et al 1997a, 
Randall et a l 1997b) and triggers chemical changes in the system. It is known that 
changes in the type of carbon source present in EBPR systems induce variations in the 
composition of PHAs stored by PAOs, which affects phosphorus uptake (Satoh et al 
1992, Lemos et al 1998, Hood and Randall 2001, Randall and Liu 2002). Randall and 
Liu (2002) suggested that variations of phosphorus uptake, in response to changes in the 
composition of PHA, might also be related to bacterial spéciation within EBPR’s 
microbial population. This suggestion implies that different types of VFAs may promote 
microbial selection by favoring distinct types of bacteria within the system. However, 
there are no published studies supporting tiiese assertions.
It is known that substrates other than VFA, such as glucose, favor the predominance 
of PAO competitors in the system causing EBPR failure. Glycogen Accumulating 
Organisms (GAOs) have been recognized as a strong competitor of PAOs in EBPR (Liu 
et al 1997a, Serviour et al 2000, Levantesi et al 2002, Mino 2000). GAO’s compete for 
anaerobic substrate without subsequent accumulation of poly-P causing EBPR failure. 
These microorganisms were first identified in laboratory-failing EBPR systems fed with 
glucose and were called “G-Bacteria” (Cech and Hartman 1990). “G-Bacteria” has a 
morphotype easily identified as cocci arranged in tetrads, and is very often present in 
activated sludge biomass. It is currently accepted that “G-bacteria” represent a 
morphotype, which may or may not demonstrate a GAO phenotype (Levantesi et al
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2002, Serviour et al. 2000). Microorganisms from the genus Amaricoccus have a 
characteristic morphotype that matches the bacteria described by Cech and Hartman 
(1990). However, according to Serviour et al. (2000), despite producing high amounts of 
PHAs aerobically, Amaricoccus isolates are not able to accumulate PHA under anaerobic 
conditions. These observations indicate that not all “G-bacteria” compete with PAOs in 
the anaerobic metaboUsm. Falvo et al. (2001), also suggests that organisms other than 
Amaricoccus may compete with PAOs for substrate assimilation. Bacteria identified as 
GAOs include; Micropruina glycogenica (Shintani et al. 2000, Kong et al. 2002), and 
Candidatus competibacter phosphatis (Crocetti et al. 2002).
As previously discussed, it is possible that different types of VFAs select for distinct 
microbial species in EBPR systems. In this context, VFA type may have direct and 
indirect impacts on PAO and GAO communities. The direct impacts are related to the 
selection of PAOs according to the different VFAs available for PAO metabolism. The 
indirect impacts are concerned with the competition between PAOs and other members of 
the EBPR community, such as GAOs. In this research the following hypothesis is tested:
Different types of VFAs select for distinct types of bacteria within the EBPR 
microbial population, affecting the competition between PAOs and GAOs.
While the major objective of this research is to evaluate the influence of the type of 
carbon source, particularly VFAs, on the microbial selection of PAO’s and GAO’s 
populations in EBPR systems, the specific aims of this research include studies in
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laboratory EBPR systems operated with different types of substrates as carbon sources 
and studies in a full-scale EBPR system, as follows:
Laboratory EBPR Systems
a) Monitor microbial population using T-RFLP in order to identify 
potential changes in the microbial community caused by the different 
types of substrate (i.e. VFA) fed to the system.
b) Quantify, using FISH, the population of PAOs and GAOs, for which 
molecular probes are available, detecting the influence of the type of 
VFA on the interactions between known PAOs and GAOs.
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CHAPTER 2
STATE OF KNOWLEDGE 
Enhanced Biological Phosphorus Removal (EBPR) has been successfully applied to 
remove phosphorus from domestic wastewater. The literature on the EBPR process has 
been extensively reviewed elsewhere (Toerien et al. 1990, Mino et al. 1998, Serviour et 
al. 2003). Herein EBPR will be reviewed, within the scope of the proposed research, 
focusing on its chemical and microbiological aspects. In addition, the biochemical 
models for PAO metabolism in EBPR systems are briefly discussed. The chemical 
aspects of the review concentrate on the effects of different types of carbon sources on: 
(1) the composition of PHA granules formed during the anaerobic phase of the EBPR 
process, (2) the performance of phosphorus removal, and (3) the EBPR’s microbial 
community. The microbiological aspects reviewed include the identification of 
Polyphosphate Accumulating Organisms (PAOs) and Glycogen Accumulating 
Organisms (GAOs) involving both traditional culturing methods and molecular tools. 
Before discussing the biochemical models for EBPR it is important to review two of its 
basic biochemical components: polyhydroxyalkanoate and polyphosphate bacterial 
inclusions.
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2.1 - Polyhydroxyalkanoate Granules 
Polyhydroxyalkanoates (PHAs) are polyesters of hydroxyalkanoates (HAs). PHAs 
are present in various bacteria as inclusion bodies that serve as carbon and energy 
storage. These inclusion bodies are formed when bacteria have access to a carbon source 
but are limited in other nutrients or oxygen. With the restoration of the limiting nutrients 
or oxygen, PHAs can be utilized as carbon and energy source (Byrom 1994).
PHAs can be formed by different types and amounts of hydroxyalkanoates (3HAs). 
According to Satoh et al. (1992), PHAs in EBPR systems are predominantly composed 
of: 3-hydroxybutyrate (3HB), 3-hydroxyvalerate (3HV), 3-hydroxy-2-methylbutyrate 
(3H2MB), and 3-hydroxy-2-methylvalerate (3H2MV) (Table 2.1).
Table 2 .1 -3  Hydroxyalkanoates predominant in EBPR systems (Satoh et al. 1992).
Unit Structure Precursors
3-hydroxybutyrate (3HB)
CHj 0  
(— HO— CH — CHî— C — )
2 acetyl-CoA
3-hydroxyvalerate (3HV)
ÇH3
CH2  0
1 1 1  
(—  HO —  CH —  CH2 —  C — )
Acetyl-CoA
+
propionyl-CoA
3-hydroxy-2-methyl-butyrate
(3HM2B)
CH3 CH3 0
1 1 II
(— HO — CH — CH2  — C — )
Acetyl-CoA
+
propionyl-CoA
3-hydroxy-2-methyl-valerate
(3HM2V)
CH3
CH2  CH3 0
1 1 II
(—  0  —  CH —  CH2 —  C — )
2 propionyl-CoA
The precursors of each individual 3HA formed in EBPR are different. While 3- 
hydroxybutyrate (3HB) and 3-hydroxymethylvalerate (3H2MV) are formed respectively 
by two acetyl-CoA and two propionyl-CoA, 3-hydroxyvalerate (3HV) and 3-
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hydroxymethylbutyrate (3H2MB) are formed by one acetyl-CoA plus one propionyl-CoA 
(Satoh et al. 1992) (Table 2.1). The precursors, acetyl CoA and propionyl CoA, are 
formed through metabolism of intracellular glycogen and by the activation of acetate and 
propionate into acetyl-CoA and propionyl-CoA, respectively. In EBPR the predominant 
HAs are 3HBs and 3HVs.
As illustrated in Figure 2.1, polyhydroxybutyrate, PHB, originates from two acetyl 
CoA that are combined to form acetoacetyl CoA. Acetoacetyl CoA is then reduced to 
hydroxybutyl CoA, which is polymerized into PHB. The degradation of PHB starts with 
its hydrolysis and the formation of p-hydroxybutyrate, which is further oxidized to 
acetoacetate. Acetoacetate is activated to acetoacetyl CoA and then cleaved to form two 
acetyl CoA.
The formation of PHB from Acetyl CoA does not directly consume ATP, but it 
requires reducing power in the form of NADH. Since Acetoacetyl CoA is a more 
oxidized form, electrons are required in order to convert it into p-hydroxybutyryl CoA 
(reaction 1). The coupled reaction (reaction 2) is the conversion of NADH into NAD'". 
Two electrons and a hydrogen atom are transferred from NADH and the other hydrogen 
comes from the solution as a proton.
CH3COCH2COSC0 A + 2H^+2e -> CH3CH(OH)CH2COSCoA (reaction 1 )
NADH+H^ NAD + 2H^+2e' (reaction 2)
According to Comeau et al. (1986) the NADH requirement in PHB production is 
particularly important because it allows the reoxidation of NADH to NAD in anaerobic
10
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conditions. The degradation of PHB into acetyl CoA follows basically the reverse 
pathway of its formation.
Acetyl CoA (CHjCO.SCoA) 
CHjCO.SoA>J ♦
HSoA ^  I 
Acetoacetyl CoA (CHjCO.CH3CO.SCoA)
Succinate
Succinyl CoA11 r NADHNAD*
I
Acetoacetate Add
(c HjCo .c H jC O O H )
NADH
NAD
P-H ydroxybutyryl CoA
(CHjCH(OH) CHjCO.SCoA)
P-H ydroxybutyric Add
(CHjCH(OH) CHjCOOH)
HSCoA
I
Poly - p -H ydroxybutyrate ([CH,CH (0)CH;CO] J
Figure 2.1 -  Biochemical pathway for synthesis and degradation of PHB 
(modified fi’om Comeau et al. 1986 and Wentzel et al. 1986).
As illustrated in Figure 2.2, polyhydroxyvalerate, PHV, is formed by the 
condensation of acetyl CoA and propionyl CoA into P-ketovaleryl CoA, which is then 
reduced to P-hydroxyvaleryl CoA and finally polymerized into PHV (Slater et al. 1998). 
The reduction of P-ketovaleryl CoA to p-hydroxyvaleryl CoA also requires reducing 
power, which is provided by the oxidation of NADH into NAD"^ .
11
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Acetyl CoA (CHjCO.SCoA)
Propaoyl CoA ^  I
(CHjCHjCOSCoA) N
HSoA 4
p-ketovaleryl CoA
(CHjCHjCOCHjCOSCoA)
NADH
NAD*
p-Hydroxyvaleryl CoA
(CHjCH,CH(OH)CHjCOSCoA)
I*HSCoA
Poly - p-Hydroxyvalerite
([CHjCHjCIKOCHjCO],)
Figure 2.2 -  Biochemical pathway for synthesis PHV (Slater et al. 1998).
2.2 -  Polyphosphate Granules 
Inorganic polyphosphates (polyP) are linear polymers of orthophosphate widely 
present in bacteria. A polyP molecule is composed of orthophosphate residues linked by 
phospho-anhydride bonds. The number of residues in a PolyP molecule may vary from 
two orthophosphate units, pyrophosphate, to hundreds of units (Kulaev and Vagabov 
1983).
According to Harold (1966), the presence of polyP is more intense in bacteria under 
nutritional restrictions and with limited growth. Under exponential growth the amount of 
polyP in bacteria tends to decrease. Harold (1966) asserts that the accumulation of polyP 
results either from the interruption of nucleic acid production caused by a lack of an 
essential metabolite such as sulfur or from the “phosphate overplus” phenomenon. This 
phenomenon happens with cells in the absence of growth and consists of extensive 
orthophosphate uptake after a period of phosphate starvation (Harold 1966).
12
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Levin and Shapiro (1965) demonstrated experimentally that activated sludge mixed 
liquor is able to uptake phosphorus in amounts greater than those necessary for growth. 
Levin and Shapiro (1965) named this phenomenon “Luxury” uptake of dissolved 
phosphate. Whereas “Luxury” uptake is a characteristic of normal metabolism of some 
bacteria and happens during intensive growth conditions, “phosphate overplus” is a 
metabolic condition that happens in response to nutritional restrictions in the absence of 
growth (Kulaev and Vagabov 1983).
The main functions of polyphosphates in organisms are related to the maintenance of 
phosphorus reserves for biosynthesis and the regulation of orthophosphate levels within 
the cells (Harold 1966, Kulaev and Vagabov 1983). A hypothesis relating polyphosphate 
with energy reserve for the formation of ATP also had been investigated without being 
clearly proven (Harold 1966).
According to Wentzel et al (1986), the most common and main pathway for the 
formation of polyphosphates is the transfer of a terminal phosphoryl group from an ATP 
molecule to a polyphosphate molecule (ATP + Pn A ADP + Pn+i). This reaction is 
catalyzed by the enzyme polyphosphate kinase and regulated by the ATP/ADP ratio. In 
low ATP/ADP ratio this reaction is reversed and polyphosphate is degraded (Harold 
1966). Harold (1966) presented other degradation pathways including: a) transfer of 
phosphate from polyP to AMP (adenosinemonophosphate), which is catalyzed by the 
enzyme polyphosphate- adenosinemonophosphate phosphotransferase; b) 
phosphorylation of glucose by polyP (glucose + P„ A glucose-6-phosphate + Pn-i), which 
is catalyzed by the enzyme polyphosphate glucokinase; c) phosphorylation of fructose by 
polyP to fructose-6-phosphate, which is catalyzed by polyphosphate fructokinase; and d)
13
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hydrolysis of polyP catalyzed by polyphosphatases.
2.3 -  Biochemical Models for PAO Metabolism 
The most important proposed biochemical models for EBPR include the Comeau 
model (Comeau et al. 1986), the Wentzel model (Wentzel et al. 1986) the Mino model 
(Mino et al. 1987), and the Modified Mino model (Wentzel et al. 1991). The model 
proposed by Mino and modified by Wentzel is commonly the most accepted. In general, 
EBPR models attempt to describe the metabolism of acetate by PAOs in the anaerobic 
and aerobic phases of the process.
2.3.1 - Models for Anaerobic Metabolism 
The models proposed by Comeau and Wentzel (Figures 2.3 and 2.4), for PAO 
anaerobic methabolism, both postulate that acetate diffiises fi*om the external media into 
the cell where it is activated to acetyl CoA at the expense of ATP. Acetyl CoA is 
converted into PHB using reducing power in die form of NADH generated by the TCA 
cycle. Since the electron fransport chain is not active due to the lack of an external 
electron acceptor (i.e., oxygen or oxidized nitrogen), ATP is produced exclusively by the 
degradation of polyphosphate.
The referred models have different explanation for the release of phosphate and metal 
cations to the aqueous solution. According to Comeau's model (Figure 2.3), as acetate 
diffuses into the cell the pH gradient across the cell membrane changes. Consequently, 
the proton motive force (PMF), which is essential for the translocation of molecules 
across the cell membrane, is reduced. The pH gradient is restored by proton ejection in 
order to keep acetate uptake and maintain the PMF constant. Comeau et al. (1986)
14
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proposed that protons are ejected either by the reverse function of ATP-ase, using ATP 
generated from polyphosphate degradation, or by the operation of an enzyme capable of 
directly expelling protons at the expense of polyphosphate. The breakdown of 
polyphosphate and use of ATP increase the phosphate and metal cation concentrations 
inside the cell. According to Comeau et al. (1986), as any other excess metabolite, 
soluble phosphate and metal cations (M+) are expelled from the cell across concentration 
gradients. Several studies have observed that potassium and magnesium are the main 
metal ions co-transported with phosphate in the anaerobic phase of EBPR (Comeau et at. 
1987, Pattarkine et al. 1990, Rickard and McClintock 1992).
CHjCOO- +H + -> CH3COOH 
(Acetate)
A
I
II
\
^  H+
CH,COO- +H ’
PolyP„ PolyP,.,
à  ^
ATP mik
ADP
/  Pi+
- - A T P
Acetyl-CoA
(CHfO.SCoA)
ATP -e
ADP+P
NADH
Outside Cell I Inside Cell
Figure 2.3 - Schematic representation of the Comeau metabolic model for the 
anaerobic plmse of EBPR (modified from Wentzel et al. 1991).
Wentzel’s Model (Figure 2.4) proposes that the restoration of the PMF occurs by the 
release of phosphate and cations to the external pool with concomitant uptake of
15
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hydroxyl ions and protons. An anti-port protein carrier mediates both the release of 
phosphate with uptake of hydroxyl ions and the release of cations with uptake of protons.
CH3COO- +H * CHjCOOH 
(Acetate)
^  Acetate 
(CH,(XX1H)
H ,PO /
Acetyl-CoA
(CH3COSC0A)
Outside Cell
NADH  ^
NAD 4 ^
Inside Cell
PHB
Figure 2.4 - Schematic representation of the Wentzel metabolic model for the 
anaerobic phase of EBPR (modified fi*om Wentzel et al 1991).
In the models proposed by Mino et al (1987) and Wentzel et al (1991), Figures 2.5 
and 2.6 respectively, the reducing power required for PHB formation is provided by the 
conversion of glycogen into pyruvate. While Mine’s model propose the Embden- 
Meyerhof-Pamas (EMP) pathway for glycogen break down, the Adapted Mino model 
assume the Entner-Doudoroff (ED) pathway. Pyruvate is further converted to acetyl CoA 
with generation of carbon dioxide. In these models ATP required for the activation of 
acetate into acetyl CoA is provided by both substrate level phosphorylation and 
degradation of polyphosphate.
16
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CMbohy«lr»*e
(glycogen)
AWATP
ADP ADP
Pynivate
V
CO,
Outside Cell
Figure 2.5 - Schematic representation of the Mino metabolic model for the 
anaerobic phase of EBPR (modified from Wentzel et al. 1991).
Acetate _ 
(CHjCOOH)
Outside Cell
Acetate
(CHfOOH)
Cafbohydiate
(glycogai)
PolyP. ATP 0m
P<%P..I ADP
W d eC d l
H*+e-A T P ___ Lm
ADP^l I I
+P, 1
Pynivate
Acetyl -CoA ^  
(CHjCO.SCoA)
NADH
PHB
Figure 2.6 - Schematic representation of the Adapted Mino metabolic model 
for the anaerobic phase of EBPR (modified from Wentzel et al. 
1991).
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Pereira et al. (1996) found that the breakdown of glycogen does not supply enough 
reducing power for the formation of PHAs. Recent biochemical models including 
Pereira’s (Pereira et al. 1996) and Hesselmann’s et al. (Hesselmann et al. 2000) propose 
the TCA cycle as the additional supplier of reducing power needed for PHA formation.
2.3.2 - Aerobic Metabolism 
The aforementioned models agree that under aerobic and carbon limited conditions, 
PAOs are forced to utilize their carbon reserves for aerobic respiration and cell synthesis. 
Therefore, PHB is degraded to produce energy and potentially provide carbon for 
synthesis. Generation of ATP will take place by oxidative phosphorylation increasing the 
ATP/ADP ratio and triggering the storage of phosphate as polyP. According to the 
models of Mino and Wentzel (Mino et al. 1987, Wentzel et al. 1991), PHB is also used to 
restore the glycogen reserves that were depleted in the anaerobic phase. Figure 2.7 shows 
a schematic representation of the Mino model for the aerobic phase of EBPR.
Acetyl -CoA 
(C%COSCoA)
NADH
P H » ■
^  synthesis ^
XPo vP
Electron
. Carbohydrate 
(glycogen)
NADH NAD
Outside Cell W ide Cell
Figure 2.7 - Schematic representation of the Mino metabolic model for the 
aerobic phase of EBPR (modified fi'om Wentzel et al. 1991).
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2.4 -  Chemical Aspects of EBPR Sj^tems - Effects of Different 
Types Carbon Source in EBPR Systems
2.4.1 -  Organic Carbon in EBPR 
The organic carbons present in domestic wastewaters are mainly carbohydrates, 
amino acids, and organic acids. Organic acids are present in wastewater as high 
molecular weight fatty acids, fatty acid esters, or low molecular weight fatty acids known 
as volatile fatty acids. Volatile fatty acids (VFAs) are part of the soluble fraction of 
organic acids in sewage and they include formic (1C), acetic (2C), propionic (3C), 
butyric (4C), and valeric (5C) acids. Acetic acid typically predominates in domestic 
sewage followed by propionic and butyric acids (Hunter 1971).
VF As are products of fermentation in sewer collection systems and primary treatment 
systems. These anaerobic environments favor bacterial metabolism via fermentation. 
Through fermentation, bacteria oxidize complex organic substrates using endogenous 
organic compounds as electron acceptors. In fermentation, the substrate is not 
completely oxidized, and ATP is formed by substrate-level phosphorylation. For 
instance, acetate is formed from the fermentation of glucose to lactate or ethanol, which 
is further fermented to acetate (Berg et al. 2002, Prescott et al. 2002).
Early studies revealed that VF As are the main substrate for the growth of 
Acinetobacter strains isolated from activated sludge where EBPR took place (Fuhs and 
Chen 1975). Biochemical models proposed in the 1980’s also asserted VF As, 
particularly acetate, as the carbon source that drives EBPR (Comeau et al. 1986, Wentzel 
et al. 1986, and Mino et al. 1987). For this reason acetate has been extensively used as
19
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carbon source in EBPR studies. However, other carbon sources are also present in full- 
scale systems, including other types of VF A (e.g. propionate, butyrate, and valerate).
2.4.2 - Effects of Type of Substrate in the Formation of 
Polyhydroxyalkanoates (PHAs)
It is known that the accumulation of PHAs by PAOs is highly affected by the type 
and amount of VF As available in the anaerobic phase of the EBPR process (Lemos et al. 
1998). The molar percentage of each 3HA formed in EBPR depends on the type of VF A 
dominant in the system. PHAs formed with acetate as single substrate have significantly 
more 3HB than 3HV (Satoh et al. 1992). The presence of propionate in the substrate 
decreases the formation of 3HB and favors the formation of 3HV (Satoh et al. 1992). 
While acetate and butyrate leads to molar ratios (3HB/3HV) of 3.04 and 1.48, 
respectively, propionate produces a molar ratio (3HB/3HV) of 0.39 (Lemos et al. 1998). 
Isovaleric acid results in the formation of 3HBs and valeric acid induces the formation of 
3HV (Hood and Randall 2001). Table 2.2 illustrates the variation in die composition of 
PHAs in EBPR for acetate and propionate as substrates.
Randall and Liu (2002) found that 3HB promotes significantly more phosphorus 
uptake (i.e., in the anaerobic zone) than 3HV, and that combinations of these two PHAs 
may increase or decrease phosphorus uptake depending on the relative concentrations of 
3HB and 3HV. Based on this observation, Randall and Liu (2002) suggested that VFA 
and PHA should be considered as design, operation and model parameters. They called 
special attention to the ratio of acetate/propionate since they are present in high amounts 
in septic wastewater and they are direct precursors of 3HB and 3HV.
20
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Table 2.2 -  Variation of PHA composition for acetate and propionate as precursors.
Substtate Ratio
(HB/HV) HE
% HA in total PHA 
HV 3H2MV 3H2MB
Reference
Acetate 3.04 75.25 24.75 - - Lemos ef a/. 1998
Acetate 3 75 25 0 - Satho gf a/. 1996
Acetate 9 90 10 0 - Satho et al. 1992
Acetate 2.5 66.7 26.4 2.4 4.5 Un et al. 1996/1994
Acetate 2.40 69.7 29.1 0.2 1 Un et al. 1994
Propionate 0.39 28.06 71.94 - - Lemos et a/. 1998
Propionate 0.1 8.3 80.55 11.14 - Satho ef a/. 1996
Propionate 0 0 50 50 - Satho ef a/. 1992
Propionate 0.015 1.3 86.4 10.9 1.4 Un et al. 1996
2.4.3 - Effects of Substrate Type on EBPR’s Performance 
It has been extensively demonstrated that the type of carbon source strongly 
influences EBPR’s performance (Abu-ghararah and Randall 1991, Randall et al. 1994, 
Randall et al. 1997a, Randall et al. 1997b). EBPR’s performance is measured by the 
amount of phosphorus accumulated within PAOs (i.e., phosphorus removed from the 
bulk solution) in the aerobic phase of the process. The anaerobic phase of EBPR is 
responsible for the preparation of cells (i.e., phosphorus release) for phosphorus uptake in 
the aerobic phase. For this reason, phosphorus uptake in the aerobic phase is intimately 
related to phosphorus release in the anaerobic phase of the process. Phosphorus release 
depends primarily on the type of substrate used and not exclusively on the anaerobic 
conditions present (Gerber et al. 1986). According to Abu-ghararah and Randall (1991), 
phosphorus release and uptake in EBPR systems have a direct correlation. Phosphorus 
release and uptake observed for distinct types of substrate are linearly correlated with a 
slope close to one (Abu-ghararah and Randall 1991). The formation of PHAs also
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correlates linearly with the release and uptake of phosphorus in EBPR (Chuang et a l 
1998).
Studies using glucose as carbon source showed that the presence of fermentation 
products in the influent, specifically short-chain VF As, stimulated EBPR in laboratory 
systems (Randall et al 1994, 1997a). Experiments performed with glucose and starch as 
substrates indicated better performance of systems fed with glucose compared to systems 
fed with starch. This observation was attributed to the fermentation of glucose in the 
influent system before the anaerobic phase of EBPR (Randall et al 1994, 1997a). The 
same was not observed in the starch reactor, probably, because the feed age was not long 
enough to allow starch to be hydrolyzed and fermented. Randall et al (1994) also 
observed that glucose per se was detrimental to their laboratory EBPR systems. 
However, the phosphorus removal increased linearly when the acetate/glucose ratio was 
increased (Randall et al 1997a). Despite the strong indication that volatile fatty acids, 
mainly acetate, are essential in the EBPR process, some studies show that is possible to 
achieve good performance in systems fed exclusively with glucose (Carucci et al 1994, 
Jeor and Park 2000).
Acetate promotes high phosphorus removal especially when it is present in high 
concentrations (Randall et al 1997b). Acetate also supports a higher production of PHA 
per substrate consumed than propionate and butyrate (Lemos et al 1998). For these 
reasons, acetate promotes better EBPR performance than others VF As. Studies have 
indicated that propionic acid is not beneficial to EBPR systems (Randall et al 1997b). 
Hood and Randall (2001) verified that propionate leads to high phosphorus release in the 
anaerobic phase. However, the subsequent phosphorus uptake is not sufficient to
22
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compensate this elevated release, which causes overall poor phosphorus removal. 
Valeric and isovaleric acids induce high phosphorus removal, where the isomer (i.e., 
isovaleric) leads to the best efficiency. In addition, isovaleric acid is more consistent and 
efficient than acetate in stimulating EBPR (Randall et al. 1997b).
Amino acids are also potential substrates for EBPR. According to Serviour et al 
(2003), amino acids have not been extensively explored as substrates in EBPR, but 
glutamate and aspartate are able to support EBPR.
2.4.4 - Effects of Substrate Type on EBPR’s Microbial Population
Despite intensive investigation on the effects of different types of VF As on EBPR’s 
performance, little is known about the influence of these substrates on the microbial 
selection of polyphosphate accumulating organisms (PAOs). The microbiology of 
wastewater is very complex, which makes the isolation and identification of PAG 
bacteria very difficult. For this reason there is a lack of information on the effects of 
substrates on the microbial community of EBPR systems. Randall et al. (1994, 1997a) 
verified, using conventional culture methods, that the microbial populations of systems 
fed witii glucose and starch were significantly different. They observed that VF As were 
formed in the feeding system of their EBPR reactor, when glucose was used as substrate. 
The population fed with glucose promoted more phosphorus removal than the population 
fed with starch, thus they concluded that the selection of a microbial population with high 
EBPR capabilities is critically affected by the presence of VF As that resulted from 
glucose fermentation (Randall et al. 1997a). Randall et al. (1997a) also observed that the 
performance of the systems fed with glucose varied considerably. This variation was 
attributed to the microbial dynamics of the system, more specifically to the competition
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between PAOs and the other microorganisms present in the EBPR system (Randall et al. 
1994,1997a).
Glycogen accumulating organisms (GAOs) are strong competitors of PAOs in EBPR 
(Liu et al. 1997a, Serviour et al. 2000, Levantesi et al. 2002, Mino 2000). GAOs have a 
metabolism similar to that of PAOs. They compete for VF As, in the anaerobic 
metabolism, by using intracellular glycogen instead of phosphorus as energy and 
reducing power source for the formation of PHAs (Satoh et al. 1994, Mino et al. 1998). 
In the aerobic metabolism glycogen reserves are reestablished by breaking down PHAs. 
GAOs are deleterious to EBPR because they take up VF As but do not release phosphorus 
in the anaerobic phase, limiting orthophosphate uptake in the aerobic phase.
These microorganisms were first observed by Cech and Hartman (1990, 1993) in 
failing EBPR systems fed with a mixture of glucose and acetate. They attributed this 
failure to the predominance of a PAO’s competitors named “G-bacteria”. Cech and 
Hartman (1993) also verified that when acetate was the sole carbon source in their EBPR 
system, PAOs could compete effectively for substrate with GAOs. As discussed before, 
this suggests that acetate gives the PAOs a competitive advantage. There are indications 
that GAOs and PAOs are different microbes mainly based on morphological 
characteristics, however this still needs to be further investigated (Mino et al. 1998).
The composition of the PHAs formed by GAOs is similar to that of the PHAs formed 
by PAOs containing 3HB, 3HV, 3H2MB, and 3H2MV as main monomers. Liu et al. 
(1996) studied the composition of PHAs in GAOs for a variety of substrates including 
VF As, intermediates of the TCA cycle, and sugars. For all substrates tested, 3HV was
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the dominant 3HA, except for acetate and butyrate, which contained, respectively, 3HB 
and 3-hydroxyhexanoate (3HC) (Liu et al. 1996).
Liu et al. (1997a) described the competition between PAOs and GAOs, in bioreactors 
fed primarily with acetate, as an “internal energy-based” competition. This means that 
better competitors have more internal energy reserves to perform the conversion of 
acetate into PHB, therefore allowing faster acetate uptake. Liu et al. (1997a) also found 
that an important factor in the competition between GAOs and PAOs is the ratio of 
phosphorus/carbon (P/C) in the influent. Low P/C ratios limit the poly-P content in the 
PAOs and consequently the substrate iq)take. However, low P/C ratios do not limit 
substrate uptake for GAOs that have internal energy reserve other than poly-phosphates.
Wang et al. (2001) evaluated the competition between PAOs and GAOs by 
measuring the specific growth rate using different concentrations of acetate and glucose 
as substrates. They found that the growth rate for PAOs is 3 to 6 times greater than that 
for GAOs. The metabolism of PAOs is less complicated and more efficient in terms of 
energy production than the metabolism of GAOs (Mino et al. 1998). These observations 
indicate that the PAOs tend to win the competition against GAOs. However, the reasons 
why GAOs sometimes proliferate in EBPR systems are still unclear.
2.5 - Microbiology of EBPR Systems
2.5.1 -  Culture Methods and Molecular Tools 
The first studies on microbial communities in the EBPR process were based on 
conventional culture methods and microscopy. In these studies cells were collected from 
full-scale EBPR process and transferred to laboratory systems for enrichment. From the
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enriched culture, cells were plated on nutrient agar, and the isolates were characterized 
and identified. Given the h i ^  diversity of the EBPR community these studies were very 
tedious and laborious. In addition, the culturing process can be selective for some types 
of bacteria, which could lead to bias in the characterization of microbial populations.
Molecular biology and genetics offer new ways to investigate microbial populations 
without isolation and culturing. Genetic material is present in all cells in the form of 
deoxyribonucleic acids (DNA) and ribonucleic acids (RNA). These molecules are linear 
polymers formed by linked units called nucleotides. A sugar, a phosphate, and a base 
compose each nucleotide. The backbone of these molecules is formed by the sugars and 
phosphate. The bases vary among four different types. While in DNA the sugar is 
deoxyribose and the bases are adenine, thymine, guanine, and cytosine; in RNA the sugar 
is ribose and the bases are adenine, thynine, guanine, and uracil. Nucleotides are linked 
by phosphodiester bonds between the carbons 3’ and 5’ of each sugar. The base 
sequence of DNA and RNA is, by convention, written in the 5’ to 3’ direction. By 
hydrogen bonding, the bases of nucleotide sequences in DNA form specific pairs with 
each other resulting in the formation of a double helical stmcture.
The nucleic acids participate in the synthesis of proteins which are used in all 
metabolic processes that happen in the cell. DNA molecules contain the genetic code for 
protein synthesis, however they do not participate directly on it. The genetic code is 
transcribed to an RNA molecule called messenger RNA (mRNA). The code is translated 
on the ribosome to produce proteins. Bacterial ribosomes are composed of two large 
RNA subunits named 16S rRNA (about 1500 nucleotides) and the 23S rRNA (about 
3000 nucleotides) based on sedimentation speed. A third RNA molecule, the transfer
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RNA (tRNA), also participates in protein synthesis. It carries each specific amino acid 
and transfers it to a growing polypeptide chain on the ribosome, according to their code 
sequence.
Instead of using traditional culturing and isolation procedures, molecular methods 
directly examine microbial populations via genetic information. These techniques assay 
the information contained in the base sequence of nucleic acids, either DNA or RNA. 
Molecular surveys can be used for phylogenetic or phenotypic studies. While 
phylogenetic studies are concerned with a systematic classification of species, phenotypic 
studies are related to common structural metabolic traits of species.
Several different molecular tools can be applied in the study of microbial populations. 
Techniques firequently used to investigate complex microbial populations, such as that of 
EBPR sludge, include Fluorescence In Situ Hybridization (FISH) and Terminal- 
Restriction Fragment Polymorphism (T-RFLP).
Fluorescence In Situ Hybridization - FISH
FISH has been reviewed by Amann et al. (1997) and is summarized as follows. The 
technique is based on the in situ hybridization of bacterial nucleic acid using specific 
fluorescent-labeled molecular probes that can be detected under a fluorescence or 
confocal microscope. It is named in situ, or whole cell hybridization, because the genetic 
material is hybridized within the microbial cell, which means the cell morphology is 
preserved. Hybridization is the in vitro paring of complementary strands of DNA, RNA 
or specific sequences of nucleotides. The molecular probes used in FISH are commonly 
oligonucleotide probes (i.e., relatively small nucleotide sequence). Oligonucleotide
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probes are nucleic acid sequences of about 20 nucleotides that can be tagged with 
markers or labels. Oligonucleotides are preferred because they are short, and, 
consequently, they minimize mismatches. In addition, they can be easily produced in 
high amounts, at high quality and low cost. Oligonucleotides are produced by automated 
chemical synthesis. In order to be detected the oligonucleotide probes must be labeled. 
The labels used in FISH are chemical molecules that have fluorescent properties such as 
fluorescein, biotin, and carbocyanines (Cy3 and Cy5). Labels can be bonded chemically 
or enzymatically to either the 5’ or the 3’ terminal of an oligonucleotide. The molecular 
probes will bind a specific nucleic acid sequence with a matching base sequence; this 
allows the identification of different microorganisms within a community. The targeted 
sequence is normally at the rRNA site because both I6S rRNA and 23 S rRNA contain 
evolutionary conservative sequences, which can work as signature nucleotides. The 16S 
rRNA is preferred because it occurs in high numbers in all cells (more than 1000 copies), 
it can be easily retrieved from cells without cultivation, and it is better known than the 
other possible targets (Amann et al. 1997). The design of oligonucleotide probes 
combines the use of software and a ribosomal database. For environmental samples and 
mixed unknown cultures the probe design involves nucleic acid extraction, development 
of clone libraries, gene sequencing, and finally database matching and computer design.
Amann (1995) described a complete experimental protocol for FISH. Figure 2.8 
shows the basic steps of FISH analysis described by Amann et al. (1997). In the first step 
the cells are stabilized morphologically, and their cell walls and membranes are 
permeabilized in order to allow penetration of the probes. This process is called cell 
fixation, and is achieved by the use of aldehydes and or alcohols. Cells are then
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immobilized on a glass slide. Next, the molecular probes and an adequate hybridization 
buffer are mixed with the cells. Hybridization takes place in a moisture chamber at 
controlled temperature (from 35 to 50 °C) for one to several ours. The samples are then 
washed to remove excess probe that was not bound. Finally the samples are analyzed by 
epifluorescence and/or confocal microscopy where the hybridized cells can be detected. 
Using different probe combinations diverse bacterial communities can be characterized 
and quantified.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - s Cells
Environmental Samples / \  ^
— — (B®
V-/
Cell Fixzdlon
/-\ — ■">
Washing
I l k I
V/
Application of Probes 
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Observation under Fluorescence 
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Figure 2.8 - Basic steps of Fluorescence 7n Situ Hybridization analysis.
Stringency relates to the proper annealing of probes to targets. The higher the 
stringency, the more specific the probe-target matching is. Lower stringencies cause
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probe-target matching of similar but not identical sequences (Choo et al. 2001). 
Stringency is controlled by the hybridization conditions and pos-hybridization washing 
conditions. The hybridization buffer contains a dénaturant agent, normally formamide, 
which not only allows the hybridization to be performed at lower temperatures, but also 
contributes to a higher stringency (Moter and Gobel 2000). The pos-hybridization 
washing may also control the stringency. Since imperfect probe-target parings are less 
stable than specific sequence parings, they can be dissociated by changing the formamide 
or salts concentration and the temperature of the pos-hydridization washings (Gole 2001).
Quantification may be achieved by microscopic cell counting. For example, a 
universal probe can be used to target all bacteria present in a sample and, concomitantly, 
another probe can be used to target a specific species. This would allow an estimation of 
the number of cells of the specific species within the whole community. This is the case 
in this research where identification PAOs is sought within the entire activated sludge 
community. When dealing with pure cultures or communities of low diversity, counting 
individual microbial cells is a laborious but effective method. However, for activated 
sludge communities counting cells becomes very challenging because they are highly 
diverse. In addition, counting is made difficult by the presence of flocks that contain 
different types of bacteria and eucaryotes. Alternatives to cell counting have been 
presented using image processing based on the determination of targeted areas at lower 
magnifications (Bouchez et al. 2000, Crocetti et al. 2002). This approach does not give 
the number of cells present in the sample, but it allows for determination of relative 
abundance of species. Daims et al. (2001) presented a methodology to combine cell
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counting and area measurement. This method uses a pure culture as a calibration to 
convert area into cell number.
FISH can also be used to measure bacterial activity. Since RNA molecules are more 
abundant in dividing cell than in resting cells, they can be used as molecular markers to 
measure growth activity of individual microbial species within a population. However, 
using ribosomal RNA may be limited since cells maintain a stable pool of mature rRNA 
even in starving conditions (Cangelosi and Brabant 1997). Bacterial rRNA precursor 
molecules are intermediates in ribosome formation, which can also be used as target. 
Precursor rRNA is easily detected in growing cells, however, it is not as persistent as 
mature rRNA in nongrowing cells (Cangelosi and Brabant 1997). Since levels of 
precursor rRNA are sensitive to changes in growth, a measure of these levels can be used 
as an indicator of microbial activity (Cangelosi et al. 1997, Oerther et al. 2000). 
Oligonucleotide probes can be designed to target the precursor 16S rRNA of a specific 
bacterial group and, then, can be used to evaluate its activity within a microbial 
population. Cells in different growth conditions will be less or more hybridized 
according to the number of precursor rRNA present in these cells. This effect can be 
detected by the fluorescence intensity of hybridized cells. A standard curve is needed in 
order to correlate bacterial growth rate with fluorescence intensity. This curve is 
obtained by monitoring the growth rate of the targeted bacteria in pure culture, using both 
conventional methods, such as optical density measurements and protein content, and 
fluorescence intensity (Poulsen et al. 1993).
Different factors may affect the detection of bacteria using FISH analysis. Bouvier 
and Giorgio (2003) observed that the factors leading to discrepancies in FISH analysis
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using the universal probe EUB338 are related to both methodological and environmental 
issues. The most significant methodological factors include type of fluorochrome, 
formamide concentration in the hybridization buffer, and sodium chloride concentration 
in washing buffer. According to Bouvier and Giorgio (2003), the best fluorescent dyes 
are the ones of the cyanine series (Cy), because they have high fluorescence intensity per 
mole of fluorochrome because of resistance to photobleaching. The formamide and 
sodium chloride concentrations are important because they control stringency conditions 
of the hybridization.
In recent years, FISH has become increasingly used to study bacterial communities 
involved in biological nutrient removal systems. The capability of identifying specific 
bacteria without the destruction of the cells is one of the strengths of this method. 
Studies using FISH have focused on both the identification of specific bacteria 
responsible for biological nutrient removal and the general characterization of the 
microbial community of activated sludge systems (Snaidr et at. 1997, De Los Reyes et al. 
1997, Zilles et al. 2002, Levantesi et al. 2002, Liu et al. 2001, Eschenhagen et al. 2003, 
Bond et al. 1999). In addition, FISH has brought new insights to the identification of 
phosphate accumulating organisms (Hesselmann et al. 1999, Crocetti et al. 2000) and 
glycogen accumulating organisms (Crocetti et al. 2002).
Terminal-Restriction Fragment Length Polymorphism (T-RFLP)
T-RFLP is a molecular based technique that gives a fingerprint of a microbial 
community by determining the length of DNA fragments produced in the digestion of 
total community DNA by restriction endonucleases. Restriction endonucleases are
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enzymes capable of cleaving both strands of a DNA molecule at specific base pair 
sequences. These enzymes are found in prokaryotes and have the function of cleaving 
foreign DNA molecules in cells. Most cleavage sites are composed of palindromic 
sequences, which are inverted and repeated base pair sequences of four to eight base pairs 
(i.e., sequences with twofold rotational symmetry). For example 5’-AGCT -3 ’ and 3’- 
TCGA -5 ’. Figure 2.9 shows the main steps of a T-RFLP analysis.
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Figure 2.9 - Main steps of a T-RFLP analysis (adapted from Gruntzig et al. 
2002).
In this technique, total DNA is first extracted from the microbial community. Since 
the amount of DNA recovered from cells is small, the extraction product needs to be 
amplified. The in vitro amplification of DNA is achieved by the polymerase chain 
reaction (PCR). In PCR, heating separates the DNA strands, then specifically designed 
sequences - named primers - are hybridized to the existing DNA strands. Finally, DNA
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polymerase elongates the strands starting from the primers to both 5’ and 3’ directions. 
The primers used are labeled with fluorescent markers attached at least to one of the 
terminal sites. In T-RFLP, the PCR products or amplicons, which are copies of the 
original DNA sample, are cleaved by restriction endonucleases producing DNA 
fragments. Since the primers were labeled at one or both terminal sites, only the labeled 
terminal fragments generated from the digestion can be detected. The fragments are 
finally separated by gel or capillary electrophoresis systems and the labeled fragments are 
detected.
The output from electrophoresis is obtained in terms of relative fluorescence units and 
the time that the DNA fragments migrate through the gel. In order to convert time into 
fragment size, a standard containing fragments of known size is analyzed. The final 
result is an electropherogram which is a graphical output similar to a chromatogram. The 
electropherogram shows peaks corresponding to the length, in base pairs, of terminal 
fragments generated by the DNA digestion. Electropherograms generated from the same 
microbial community should be theoretically the same. For this reason, the results of a 
T-RFLP analysis can be used to compare microbial communities and/or monitor changes 
in microbial communities.
Since biases inherent to DNA handling are always present, identical replicate profiles 
are rare. The assumption of a baseline threshold is suggested in order to eliminate noise 
and undesired small peaks. The threshold assumed may affect the reproducibility of the 
results. Osborn et al. (2000) assumed a threshold of 100 fluorescence units and observed 
that T-RFLP profiles from the same DNA sample were very similar. In contrast, Dunbar 
et al. (2001) observed little reproducibility using a threshold of 25 fluorescence units.
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Dunbar et a l (2001) suggest that the high reproducibility observed by Osborn et al 
(2000) results from the high baseline noise threshold assumed by them.
Techniques for comparison of T-RFLP profiles are still being developed and 
comparison is still a challenge. The T-RFLP’s continuous graphical output is normally 
transformed into a numerical and discrete form and then treated numerically. In a 
common approach (Kitts 2001), first the T-RFLP profiles are converted into vectors. 
Next, the vectors are aUgned and threshold filters and transformations can be applied. 
The vectors are paired and their distances or similarity are calculated resulting in a 
distance or similarity matrix. The profiles are finally classified or clustered according to 
their distances.
The limitations of T-RFLP are primarily associated with intrinsic bias related to PCR 
amplification. Regarding organism abundance, Clement et a l (1998) observed that the 
differential amplification of templates during PCR precludes the quantification of 
organisms measured by peak area. Kitts (2001) comments that despite the preferential 
amplification of some templates, the number of amplicons generated from a sample is 
reproducible and proportional to the number of templates present in the sample. For this 
reason, he asserts that the PCR biases associated with differential amplification of 
templates do not affect the reproducibility of T-RFLP peak pattern. However, according 
to Kitts (2001), PCR can bias the estimation of organism abundance based on gene copy 
number. This happens because the number of rRNA gene copies varies significantly for 
different organisms. Consequently, the proportionality between amplicon abundance and 
cell abundance also varies from organism to organism (Kitts 2001). Kitts (2001) 
concludes that the T-RFLP profiles can express well the relative abundance of specific
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amplicons in a mixture, but they cannot be used to estimate organism abundance without 
calibration witii pure culture.
DNA extraction and en^nne digestion can also affect the T-RFLP analysis. The 
efficiency of DNA extraction may bias the T-RFLP results because differences in cell 
lysis between gram negative and gram positive bacteria may affect the relative amounts 
of DNA recovered in the extract (Kitts 2001). Kitts (2001) suggests that a combination 
of physical and chemical/enzymatic methods is commonly the best extraction technique. 
Regarding the digestion of the amplicons with restriction enzymes, the choice of the 
enzymes affects the results since different types of enzymes will generate different 
fragment patterns. Efficiency of enzyme digestion may also affect the results since 
incomplete digestion may cause false peaks (Kitts 2001). This problem can be overcome 
with optimization of the digestion procedure.
T-RFLP has been applied to the study of complex microbial communities in different 
environments such as soil (Dunbar et al. 2000, Lukow et al. 2003, Kuske et al. 2002, 
Mummey and Stahl et al. 2003), marine (Moesenneder et al. 1999, Ahn et al. 2003) and 
activated sludge systems (Liu et al. 1998, Eschenhagen et al. 2003). Despite its great 
potential for analysis of complex microbiological populations, this technique has been 
modestly applied in activated sludge studies.
2.5.2 -  Polyphosphate Accumulating Organisms (PAOs)
The identification and isolation of PAOs from EBPR systems is very important. 
Many questions on the EBPR process could be better addressed by studies conducted 
using PAO isolates. However, the great microbial diversity of EBPR systems makes the 
isolation and cultivation of PAOs very challenging. Many bacterial strains are capable of
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polyphosphate accumulation. Some of the PAOs currently identified include: 
Acinetobacter spp., Rhodocyclus group, Lampropedia ssp. and Microlunatus 
phosphovorus.
Early studies, using culture dependent methods, identified Acinetobacter spp. as the 
PAO responsible for EBPR (Fuhs and Chen 1975, Deinema et al. 1980,1985). However, 
Acinetobacter is an obligate aerobe and cannot fit into the postulated models for PAO 
metabolism, since it is not able to take up acetate under anaerobic conditions (Mino et al. 
2000). Indeed, the anaerobic phase of EBPR was thought to be related to the production 
of low carbon substrates via fermentation. These substrates would stimulate the growth 
0 Î Acinetobacter in the subsequent stage of EBPR (Fuhs and Chen 1975). Brodisch and 
Joyner (1983) found that Acinetobacter spp. constituted less than ten percent of the 
sludge bacterial population and that Aeromonas and Pseudomonas were potential 
participants in the phosphorus removal process. Cloete and Steyn (1988) suggested that 
the amount of Acinetobacter present in activated sludge systems had been overestimated 
by the utilization of culture-dependent methods. For these reasons the role of 
Acinetobacter spp. in EBPR became controversial. Nevertheless, Sidat et al. (1999) 
found that even though Acinetobacter is present in small amount; its phosphate 
accumulation capacity is higher than those of other EBRP isolates. This observation 
suggests that despite its smaller population, Acinetobacter may be an important 
participant in EBPR process.
In the late 1990’s, culture-independent methods based on molecular tools lead to the 
identification of other PAO candidates such as the Rhodocyclus group (Bond et al. 1995) 
or Candidatus accumulibacter phosphatis (Hesselmann et al. 1999). Laboratory-scale
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studies and full-scale studies have confirmed participation of these microorganisms in 
EBPR (Crocetti et al. 2000, Liu et al. 2001, Onuki et al. 2002, Levantesi et al. 2002, 
Zilles et al. 2002a). However, recent studies indicate that despite being present in the 
EBPR systems, these PAOs may not be primarily responsible for EBPR process in full 
scale (Zilles et al. 2002b, 2002c).
Other microorganisms such as Lampropedia ssp. and Microlunatus phosphovorus 
have also being investigated as potential PAOs. Lampropedia ssp., found in dairy and 
piggery wastewaters, is capable of acetate uptake, PHB formation, and phosphate release 
in anaerobic conditions followed by PHB consumption and polyphosphate accumulation 
(Stante et al. 1997). This metabolic behavior qualifies Lampropedia ssp. as a PAO. 
However, Lampropedia ssp. is not frequently found in EBPR systems (Mino 2000). 
Microlunatus phosphovorus is a fermentative bacterium that has the ability of accumulate 
high amount of phosphorus. Microlunatus phosphovorus does not present the ideal 
metabolic behavior of a PAO. This organism ferments glucose to acetate in anaerobic 
conditions without the accumulation of PHAs and accumulates phosphate in aerobic 
conditions (Santos et al. 1999).
2.5.3 -  Glycogen Accumulating Organisms (GAOs)
Glycogen accumulating organisms (GAOs) have been recognized as strong 
competitors of PAOs in EBPR (Liu et al. 1997a). GAO’s compete for anaerobic 
substrates without subsequent accumulation of poly-P, causing EBPR falure. These 
microorganisms were first identified in laboratory-failing EBPR systems fed with glucose 
and were called “G-Bacteria” (Cech and Hartman 1990). “G-Bacteria” have a 
morphotype easily identified as cocci arranged in tetrads, and are very often present in
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activated sludge biomass. It is currently accepted that “G-bacteria” represent a 
morphotype, which may or may not demonstrate a GAO phenotype (Levantesi et al. 
2002, Serviour et al. 2000).
Microorganisms from the genus Amaricoccus have been reported as “G-bacteria” 
(Maszenan et al. 1998, 2000, Seviour et al. 2000). These bacteria have a characteristic 
morphotype that matches the bacteria described by Cech and Hartman (1990). Maszenan 
et al. (1998) found that different strains of Amaricoccus (A. kaplicensis, A. macauensis, 
A. veronensis and A. tamworthensis) have different abilities to metabolize distinct carbon 
sources and produce PHB. Falvo et al. (2001) observed that Amaricoccus kaplicensis 
does not present a GAO phenotype, since it is unable to assimilate acetate anaerobically. 
According to Seviour et al. (2000), despite the fact that all the Amaricoccus isolates 
produce high amounts of PHAs aerobically, they are not able to accumulate PHA under 
anaerobic conditions. These observations indicate that not all “G-bacteria” compete with 
PAOs in the anaerobic metabolism. Falvo et al. (2001) also suggests that organisms 
other than Amaricoccus may compete with PAOs for substrate assimilation. Other 
bacteria identified as GAOs include; Micropruina glycogenica (Shintani et al. 2000, 
Kong et al. 2002), and Candidatus competibacter phosphatis (Crocetti et al. 2002).
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CHAPTER 3
MATERIALS AND METHODS
3.1 - Experimental Approach 
In order to investigate the influence of different types of VF As in the microbial 
community of EBPR systems, Enhanced Biological Phosphorus Removal (EBPR) 
sequencing batch reactors (SBRs) were designed, built, and operated under different 
feeding conditions using synthetic wastewater. The experimental set up allowed the 
operation of up to four SBR reactors simultaneously. Two 50-day runs (Table 3.1), each 
with four SBRs, were performed. In each run, the reactors were inoculated with biomass 
from a full-scale EBPR system - the Clark County Water Reclamation District (CCWRD) 
in Las Vegas, Nevada.
Table 3.1 - Experimental runs performed and their respective carbon sources.
Run Reactor Carbon Source
1 A1 Acetate
Seed 1 - CCWRD A2 Acetate
Aeration Basin #2 PI Propionate
(03/24/04-05/20/04) P2 Propionate
2 B Butyrate
Seed 2 -  CCWRD V Valerate
Aeration Basin #2 AP
G
Mixture of Acetate and
(07/27/04-09/16/04) Propionate (1/1) 
Glucose
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The SBR’s preliminary design calculations, using biological wastewater treatment 
fundamental equations, are presented in the Appendix A and major design parameters are 
summarized in Table 3.2. Preliminary reactor runs were performed to test the reactor’s 
design. The reactors showed a typical phosphorus profile for EBPR systems, that is 
phosphorus release in the anaerobic phase and uptake in the aerobic phase.
Table 3.2 - Summary of SBR’s preliminary design parameters.
Parameter Values
COD Influent 400 mg-COD/L
Influent flow 12 L/day
Phosphorus influent lOmg/L
SRT 18 days
COD effluent 0.025 mg/L
Phosphorus effluent 2.3 mg/L
MLVSS 2500 mg/L
HRT 0.667 day
Volume 8 liters
COD - chemical oxygen demand, SRT - solids retention time,
MLVSS - mixed liquor suspended solids, HRT - hydraulic retention time.
In the first run, duplicate reactors were fed with acetate (reactors A1 and A2) and 
propionate (reactors PI and P2). In the second run, the reactors were fed with butyrate 
(reactor B), valerate (reactor V), acetate/propionate mixture 1/1 (reactor AP), and glucose 
(reactor G).
The chemical performance of the SBRs was evaluated for VF As (or soluble COD), 
phosphorus, suspended and volatile solids, PHA, glycogen, dissolved oxygen (DO), and 
pH. The reactor’s microbial communities were investigated using Terminal Restriction 
Fragment Polymorphism (T-RFLP) and Fluorescence In Situ Hybridization (FISH). T- 
RFLP was used to identify general population shifts at the different feeding conditions. 
FISH allowed the quantification of PAOs and GAOs in the EBPR community, for which
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molecular probes have been designed. For each run, the reactors were restarted with new 
biomass from CCWRD. The microbial community and the chemical characteristics of 
the EBPR system at the CCWRD wastewater treatment plant were also examined in order 
to verify the stability of the biomass source.
3.2 - Experimental Setup
Bioreactors
The experimental setup (Figure 3.1 and 3.2) consisted of four automated bench-scale 
SBRs (Figure 3.3) with a working volume of 8 liters. The operation of the reactors was 
automated using two timers, solenoid valves and peristaltic pumps.
Source of Biomass and Reactor Inoculation
The reactors were inoculated with biomass from the EBPR system at CCWRD, Las 
Vegas, Nevada. This plant consists of ten tanks, which are individually divided into one 
anoxic, three anaerobic and one aerobic zone. Each individual tank has a dedicated 
clarifier and works as an independent unit. The treatment system at CCWRD is set up as 
one-sludge system for biological oxygen demand (BOD), phosphate removal and 
ammonia oxidation. This facility is the largest wastewater treatment plant in Clark 
County, currently treating approximately 90 MGD (Million Gallons a Day) of domestic 
wastewater. Biomass was collected from Aeration Basin #2 at CCWRD, dispensed in 
twenty-liter jars, and settled for ten minutes. The supernatant was discarded and the 
settled sludge was transferred to two-liter bottles. The bottles were kept on ice, and 
transported to the UNLV Environmental Engineering Laboratory. Each reactor was then 
filled with two liters of sludge and six liters of synthetic wastewater and the operation 
was started.
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Figure 3.1 - Experimental set up of the SBR reactors showing reactor vessel, monitoring equipment, controls, and working volumes.
pH and DO metersTimers
Mixers
Nitrogen Gas
Bioreactors
Peristaltic pumps Feedmg Tanks
Figure 3.2 - Experimental setup assembled for the Research in the Environmental 
Engineering Laboratory at UNLV.
(a) (b)
Figure 3.3 - Details of the bioreactors built for the experiment: a) bioreactor during 
aerobic operation; b) bioreactor during settling phase.
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Synthetic Wastewater
The composition of the synthetic wastewater used was adapted from Smolders et ai 
(1994a and 1994b) and is presented in Table 3.3. Phosphorus was fed separately from 
the other nutrients and minerals to minimize nutrient consumption in the feed.
Table 3.3 - Composition of synthetic wastewater used in the experiment (adapted from 
Smolders et a/. 1994a, 1994b).
Component Concentration
Carbon Source
(acetate, propionate, butyrate. 400 mg/L as COD
valerate and glucose)
Nitrogen (NH4CI) 28 mg/L as N
Phosphorus (NaH2P0 4 . H2O) 10 mg/L as P
Magnesium (MgS0 4 . 7 H2O) 10 mg/L as Mg
Calcium (CaCh. 2 H2O) 4 mg/L as Ca
Yeast extract Img/L
Trace elements’ 0.3 ml/L
*A liter o f  trace elements solution contained: 1.5 g FeCb . 2 H2 O, 0.15 g H3BO3 , 
0.03 g CUSO4  . 5 H2O, 0.18 g Kl, 0.12 MnClz . 4 H2 O, 0.06 g N^MoO^ . 2 H2 O, 
0.12 g ZnS0 4  . 7 H2 0 , 0.15 g C0 CI2  . 6H2 0 , 10 g EDTA.
Selection of Substrates
The selection of the first two VFA types to be evaluated was based on reported 
impacts of each one of them on the chemical performance of EBPR and their presence in 
actual wastewaters. Great contrasts have been reported for the chemical performance of 
EBPR systems fed with acetate, propionate, butyrate, valerate, and isovalerate. Table 3.4 
shows the main VF As and their respective chemical responses in terms of P release and 
uptake, and type of PHA generated. As mentioned in Chapter 2 batch test studies have 
indicated that acetate, butyrate, valerate and isovalerate improve EBPR performances, 
while propionate tends to decrease performance (Abu-ghararah and Randall, 1991,
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Randall et al. 1997). However, long-term studies have shown that feeding propionate to 
EBPR may increase the system’s performance (Hood and Randall 2001, Chen et al. 
2004). It has been proven that the poor uptake observed in batch tests using propionate is 
not caused by lack of biomass acclimation (Hood and Randall, 2001). Studies using 
batch experiments suggest that acetate and isovalerate lead to the best performances with 
0.25-0.35 mg P-uptake/mg COD used, while propionate and butyrate leads to the worst 
with 0.1-0.15 mg P-uptake/mg COD.
In terms of PHA production, acetate and isovalerate produce PHAs composed mainly 
and 3HBs, while propionate and valerate generate PHAs formed primarily by 3HVs 
(Hood and Randall 2001). Butyrate results in the generation of PHAs with similar 
amounts of 3HBs and 3HVs. It has been reported that the PHA yield - mg PHA/ mg 
COD - for acetate, propionate, and butyrate are 0.97,0.61,0.21 respectively (Lemos et al. 
1998).
Table 3.5 summarizes the contrast between different VF As in EBPR experiments. 
Since acetate and propionate are the most abundant VF As in wastewater and they form 
distinct types of PHA leading to different system performances, they were chosen as the 
VF As to be tested in the first run. In addition, they were tested in the second run as a 
combined substrate acetate/propionate (1/1). Contrasts, both in PHA formation and 
system performance, are also observed between butyrate and valerate. For this reason 
they were selected for the second run.
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Table 3.4 - Reported chemical performance of EBPR systems in terms of P release and 
uptake, and type of PHA generated.
VFA P-uptake/COD used P-release/COD used PHA formed
- (mg/mg) (PHB%/PHV%)
Acetate 
(1.0667 gCOD/g)
0.37 (l^) 
0.35 (2)
0.31 (!♦) 
0.21-1.52(8)
75/25 (3) 
90/10(4) 
67/33 (5) 
67/26 (7»»»)
Propionate 
(1.5135 gCOD/g) 0.10 (!♦)
0.08 (I") 
0.35(2)
28/72 (3) 
<5/50 (4»»»> 
8/60 (5***) 
1/86(7***)
Butyrate 
(1.8182 gCOD/g) 0.12 (1*3
0.10 (l^) 
0.35 (2)
60/40(3) 
100/0 (6) 
37/18 (?***#)
Valerate 
(2.0392 gCOD/g) 0.15 (1*) 0.12 (1*)
56/54(6) 
14/76 (7***)
Isovalerate 
(2.0392 gCOD/g) 0.24 (I*) 0.20(1») -
(1) Abu-ghararah and Randall 1991, (2) Gerber et al. 1986, (3) Lemos et al. 1998, (4) Satoh et al. 1992, (5) 
Satoh et al. 1996, (6) Hu et al. 1997, (7) Liu et al. 1996, (8) Mino et al. 1998
♦addition o f VFA to mixed substrate,^^VFA as sole carbon source,^^^ 3H2MB and 3H2MV also present, 
#3HC -  3-hydroxyhexanoate also present.
Table 3.5 - General responses of EBPR systems to different types of VF As in terms of 
type of PHA produced and general performance.
VFA
Predominant Type of PHA Produced 
PHB PHV
General P-removal 
Performance
Acetate Very good
Propionate Poor-good
Butyrate Good
Valerate / Very good
Isovalerate Very good
A non-VF A substrate (i.e., glucose) was also used. Glucose was chosen because, 
despite its frequent application in laboratory EBPR systems (Randall et al. 1994, 1997a, 
Cech and Hartman 1990, 1993, Carucci et al. 1994, Jeon and Park 2000), the results 
obtained are controversial. While some studies observed that glucose favors the presence
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of GAOs in EBPR and cause system failure (Cech and Hartman, 1990, 1993), other 
studies indicate that glucose can lead to good EBPR performances (Carucci et al. 1994, 
Jeon and Park 2000).
SBR operation
The reactors were operated at room temperature (average 24 “C). In each run, the 
reactors were operated in cycles of eight hours for about 50 days. Each cycle consisted 
of; an anaerobic phase (2 hours and 30 minutes), an aerobic phase (4 hours and 40 
minutes), a settling phase (30 minutes), and a fill and draw phase (20 minutes) (Figure 
3.4).
Total SBR Cycle (8h)
Anaerobic
Phase
(2h30min)
Aerobic
Phase
(4h40min)
O. O'0.0.
Settling
Phase
(30min)
Draw
Phase
(15min)
Phase
Figure 3.4 - Operational cycle of the laboratory SBR that was used in the research.
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The reactors were purged with nitrogen gas for one minute in the beginning and 
middle of the anaerobic phase. Aerobic conditions were maintained by continuously 
purging the reactors with air. The dissolved oxygen concentration was kept above 2.0 
mg/L throughout the aerobic phase. After settling, the effluent was withdrawn by gravity 
and 4 liters of synthetic wastewater were pumped into each reactor.
The preliminary design operational parameters are presented in Table 3.2. Actual 
operating parameters are presented in Tables 3.6 and 3.7. The average suspended solids 
(SS) concentration in the reactors varied fi"om 2708 mg/L to 3116 mg/L with 72 to 91% 
volatile suspended solids (VSS). Approximately 400 ml of mixed sludge were wasted 
once a day giving average SRTs between 15.3 and 18.5 days. The average amount of 
solids contained in the effluent varied from 19 mg/L to 22 mg/L. In general, the pH 
increased slightly from about 7.5 in the anaerobic phase to 8.1 in the aerobic phase (Table 
3.7).
Table 3.6 - SS, VSS, SS effluent and correspondent SRT along each 50-day run.
Run/ Average (Standard Deviation)
Reactor SS* VSS%* SS Effluent** SRT***
1 A1 3116(432) 72 21 (14) 16.3
A2 3084 (385) 72 18(13) 16.7
PI 2715(375) 82 24(15) 15.5
P2 2728 (318) 83 20 (14) 16.0
2 B 2708(199) 81 11(7) 17.9
V 2767 (202) 80 8(4) 18.5
AP 2915(201) 83 10(12) 18.2
G 2917 (291) 91 31 (HB 15.3
50-day average ** 15-day average *♦* Calculated using average solids concentration
49
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 3.7 - pH in the anaerobic and aerobic phases throughout each 50-days run.
Run/ 15-day Average (Standard Deviation)
Reactor pH Anaerobic pH aerobic
1 A1 7.5 (0.31) 8.4 (0.23)
A2 7.4 (0.26) 8.4 (0.26)
PI 7.5 (0.40) 7.9 (0.29)
P2 7.7 (0.40) 8.2 (0.28)
2 B 7.4 (0.24) 7.8 (0.28)
V 7.5 (0.15) 7.7 (0.78)
AP 7.5 (0.29) 8.2 (0.23)
G 6.2 (0.38) 6.4 (0.31)
3.3 - Chemical Analyses 
Nine to ten grab samples were collected during an operational cycle (Figures 3.5 and 
3.6), 2-3 times per week. A total of 36 samples were collected per sampling day. These 
samples were divided into portions, preserved (Table 3.8), and stored. A total of about 
125 sample aliquots were generated per sampling day. After collection, the samples were 
centrifuged for four min at 2000 rpm using either a Megafuge (Baxter Scientific 
Products) or a Legend RT (Sorvall) centrifuge. The supernatant was filtered through a 
0.45 pm membrane filter (Pall Lifesciences) and then used for orthophosphate, VFA 
and/or, soluble COD determinations. The centrifuged pellet was transferred to 2 ml, 
cryogenic vials (Coming) and centrifuged again for four min at 2000 rpm. The 
supernatant was wasted and the new pellet was frozen with liquid nitrogen. The pellets 
were stored at -20 “C and dried through lyophilization (lyophilizer Virtis). The 
lyophilized solids were used for both glycogen and PHA determinations. In the second, 
run wet samples were used for glycogen determination instead dry solids.
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Figure 3.5 - Sampling within a cycle including sampling time and sample volume.
(a) (b)
Figure 3.6 - Detail of sample collection and sample preparation; a) sample collected 
through a side collection port in the reactor; b) sample division and 
preparation.
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Table 3.8 -  Sample preservation procedures for chemical analysis.
Test Sample type Sample preservation
OP Filtered mixed liquor 
(0.45 pm membrane fitter)
Storage at 4®C (for maximum 48 hours) -  samples processed in 
the same day
TP Mixed liquor Storage at 4®C (for maximum 48 hours)
VFA Filtered mixed liquor 
(0.45 )un membrane filter)
Storage at 4®C
PHA Centrifuged Solids Lyophilization and storage at room temperature in desiccator
Glycogen Centrifuged Solids Lyophilization mid storage at room temperature in desiccator
ss/vss Mixed liquor No preservation. Samples were fffocessed on the same day
3.4 - Microbiological Analyses 
Specific changes in the microbial population were evaluated using Fluorescence In 
Situ Hybridization (FISH). PAOs and GAOs present in the system and for which 
molecular probes are available (Table 3.9) were quantified. Candidatus accumulibacter 
phosphatis (PAO) and Candidatus competibacter phosphatis (GAO) were chosen based 
on reports of their participation on EBPR in both laboratory and plant-scale (Liu et al. 
2001, Onuki et al. 2002, Levantesi et al. 2002, Zilles et al. 2002a, Pijuan et al. 2003).
Table 3.9 - Oligonucleotide probes for PAOs and GAOs used in this study.
Probe Specificity Sequence (5’-3’) %F Reference
EUB338 Bacteria GCTGCCTCCCGTAGGGT 30 Amaimefo/. 1990
RHC439 CAP CNATTTCTTCCCCGCCGA 30 Hesselmann et o/. 1999
PA0462b CAP CCGTCATCTRCWCAGGGTATTAAAC 35 Crocetti et al. 2000
PA0651 CAP CCCTCTGCCAAACTCCAG 35 Crocetti et al. 2000
PA0846b CAP GTTAGCTACGGYACTAAAAGG 35 Crocetti et al. 2000
GA0431 CCP TCCCCGCCTAAAGGGCTT 35 Crocetti et al. 2002
GA0989 CCP TTCCCCGGATGTCAAGGC 35 Crocetti et al. 2002
CAP -  Candidatus accumulibacter phosphatis, CCP -  Candidatus competibacter phosphatis
%F - % formamide, G -  Guanosine, C -  Cytosine, T -  Thymidine, A -  Adenosine, N -  any base, R -  A or G
(purine) W -  A  or T (weak 2H bonds), Y -  C or T (pyrimidine).
General trends in the microbial population of the EBPR reactors, over time, were 
monitored using Terminal Restriction Length Polymorphism (T-RFLP). For the T-RFLP 
analysis, sludge samples were collected in clean glass centrifuge vials and centrifuged
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(Sorvall Legend-RT) at 1500 rpm for 2 minutes. The pellet was transferred to 2ml vials 
and frozen at -20 C for future DNA extraction. Detailed information about T-RFLP and 
FISH are presented farther in this Chapter.
3.5- Analytical Methods 
Orthophosphate and Total Phosphate
Orthophosphate (OP) measurements were performed using the PhosVerR 3 Method 
8048, Test’N TubeTM procedure, from Hach (Loveland, CO). This method is equivalent 
to USEPA Method 365.2 and Standard Metihods 4500-P E (ascorbic acid method). Four 
ml of DI water was added to clean Hach N Tubes followed by 5ml of diluted sample. 
One pillow of phosphate RGT reagent was then dispensed into each tube. The tubes were 
capped and vigorously agitated for about 20 seconds. A light blue color developed in the 
samples that contained phosphate. After two minutes, samples were examined in a DR- 
3000 spectrophotometer (Hach) at a wavelengtii of 890nm (manual program -  
concentration factor 1.8).
For the Total Phosphorus (TP) analysis, unfiltered samples were digested using the 
Acid/ Persulfate Digestion Method (Standard Methods, 1995). First, 48 mL of DI and 2 
mL of well mixed sludge sample were dispensed into a 250 ml Erlenmeyer flask. Next, 1 
mL of 30% sulftiric acid solution and 0.5mg of potassium persulfate were added to the 
flasks. The samples were autoclaved at 121°C and 15 psi for thirty-five minutes (Market 
Force Sterilmatic Autoclave). Following cooling, one drop of phenolphthalein was added 
to each flask and the samples were then neutralized using a IM solution of NaOH. 
NaOH was slowly dispensed until the color of the solution became fading pink. The
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
neutralized samples were finally analyzed for OP using the HACH PhosVer^ 3 Method 
previously described.
Volatile Fatty Acids
Volatile Fatty Acids (VFAs) were analyzed by gas chromatography using a Hewlett- 
Packard 5890 series II equipped with a flame ionization detector (FID) and an auto­
sampler. A Supelco (Belfonte, PA) column SPBIOOO (30mx0.25mm ID, 0.25pm film) 
was used. A ramp temperature program was used for the oven. The initial temperature 
was 90°C and after 3 minutes the temperature was raised to 130®C at a rate of 10°C/min. 
The temperature was held at 130°C for 2 minutes and then raised to 160°C at a rate of 
10“C/min. After two minutes the temperature was then raised to 180°C at a rate of 
10°C/min. Helium was used as both carrier and make up gas at flow rates of 3 ml/min 
and 30ml/min respectively. The hydrogen and compressed air pressures were 20 psi and 
40 psi respectively. The injector and detector temperatures were 210°C and 250°C, 
respectively. One pL of acidified sample was injected using a 7376 HP auto-sampler. 
Samples (approximately 1.5 ml) were acidified by adding 10 pL of 50% sulfiiric acid to 
the GC vials. The VFA calibration curve ranged fi-om 4 to 50 mg/L. Alltech (Deerfield, 
IL) standards were used to calibrate the GC.
Soluble COD
Soluble COD was determined using Colorimetric Method 10009 fi"om Hach 
(I^oveland, CO). Two ml of filtered sample were added to appropriate (i.e., low or high 
range) C0D2 Digestion Reagent Vials. The vials were gently inverted 10 times and
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placed in a COD reactor preheated to 150“C. Samples were digested for 2 hours and 
cooled to room temperature. COD concentrations were measured using a DR3000 
spectrophotometer (Hach, Loveland, CO). High range COD was measured at 620nm 
(stored program 46) and low range was measured at 420 ran (stored program 45).
Glycogen
Glycogen was determined based on the procedure of Murray et al. (1994). About 
25mg of lyophilized sample was weighed into Hach N’Tube vials. Two ml of 30% KOH 
was added to the tubes which were then kept in an oven for 3 hours at 100“C. After 
cooling to room temperature, 2 ml of DI water and 6 ml of ethanol were added to the vial. 
The samples were then centrifuged (Sorvall Legend-RT) at 2500g for 45 minutes. The 
supernatant was discarded and the pellet was washed with 6 ml of 60% refrigerated 
ethanol solution. The pellet was dried overnight at 60°C. Three ml of 6 N HCl were 
added to the dried pellet and the samples were digested for 1 hour at 100“C. The digested 
solution was then tested for glucose using the Phenol Method.
For the determination of glucose, ImL of digested sample was mixed with ImL of 
20% phenol solution in a clean Hach COD vial. Next, 5 ml of concentrated sulfuric acid 
was carefiilly added to the causing the solution to heat. Samples were cooled and the 
absorbance was measured using a DR-3000 spectrophotometer at 488nm against a blank. 
Calibration curve ranging from 1 to 150 mg/1 was prepared using glucose standards 
(Sigma - St Louis, MI).
Despite the successful performance of the Phenol method in the measurement of 
glucose, the results of the first run were inconclusive particularly for the propionate
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reactors. For this reason, in the second run, another method (Maurer et al. 1997) was 
used to determine the amount of glucose in the cells. Four ml of well-mixed sample were 
dispensed into a 10 ml clean Hach COD vial containing 0.4 ml of 6N hydrochloric acid. 
The vial was placed in the COD digestion block for 2 hours at 100°C. After cooling at 
room temperature, 0.25ml of 10 N KOH and 0.5 ml DI water were added to neutralize the 
solution. The sample was then centrifuged at 3000 rpm and glucose was measured in the 
supernatant using the phenol method.
Polyhydroxybutyrate and Poljdiydroxyvalerate
Polyhydroxybutyrate and polyhydroxyvalerate were measured according to the 
procedure described by Erdal (2001). About 25 mg of lyophilized solids were weighed 
into clean Hach COD glass vials. Standards were prepared using a PHB-co-PHV (12% 
PHV) co-polymer standard (Sigma, St. Louis, MI). The polymer standard was cut with a 
pair of sharp-clean scissors and carefully weighed using a high precision balance 
(Sartorious Supermicro). Standards containing 0.05mg to lOmg of PHB-co-PHV were 
prepared. Benzoic acid was used as an internal standard. Two ml of a solution 
containing methanol, sulfuric-acid (3%), and benzoic acid (about 15 mg per 100 ml) 
solution (freshly prepared) were added to the vial. Two ml of GC grade chloroform was 
also added to the vials and they were then sealed tightly and incubated at 105°C for 3.5 
hours. One ml of DI water was added to the cooled samples in order to separate the 
chloroform and methanol layers. The samples were shaken for 10 minutes and the 
bottom phase was transferred into a GC vial using a glass Pasteur pipette. Samples were 
diluted 10 times and analyzed in a Hewlett Packard 5890 GC using a Stabilwax DB
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column (30mx0.25mm ID, 0.25|im film) fi-om Restek (Belefonte, PA). One pL of 
sample was manually injected (Figure 3.7). Both injector and detector were kept at 
200“C. The initial oven temperature, 60“C, was held for 4 min and then the temperature 
was raised to 100°C at a rate of 6“C/min and was held for 12 minutes. Helium was used 
as carrier gas at a flow rate of 3 ml/min. The makeup helium flow rate was 30 ml/min. 
The hydrogen and compressed air pressures were 20 psi and 40 psi respectively.
—jl*
Figure 3.7 - Sample injection for the chromatographic analysis ofPHBs and PHVs.
Solids Analysis
Mixed Liquor Volatile Suspended Solids (MLVSS) and Mixed Liquor Suspended 
Solids (MLSS) were determined by gravimetric analysis according to Standard Methods 
(Standard Methods, 1995). Method 2540 D was used to measure total suspended solids 
concentration (sample dried at 103-105°C), and method 2540 E was used for the 
determination of volatile solids (sample ignited at 550®C). Fiber-glass filters GF/C 
(Whatman) were used in the analysis.
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fluorescence In Situ Hybridization
FISH was performed based on the protocol presented by Amann (1995) and modified 
by De Los Reyes (2003). Some of the steps of the FISH protocol are illustrated in Figure 
3.8. Three ml of sludge sample were collected and fixed in a 15 ml centrifuge tube. Nine 
mL of ice-cold 4% paraformaldehyde in phosphate saline buffer was added to the sample. 
Samples were fixed for 2.5 hours at 4°C refiigerator. Fixative solution was removed by 
washing the cells twice with Ix phosphate buffer saline (PBS) solution. Samples were 
stored in a 1:1 ethanol/lxPBS solution at -20°C.
For the slide preparation, cells were immobilized in 6-well Teflon-coated slides (Cel 
Line, Portsmouth, NH). Three pL of sample were spread in each well of the slide and 
left to air-dry. Cells were dehydrated by successive 3 mmutes dipping into 50, 80, and 
98% ethanol baths. Eight pL of hybridization buffer and 1 pL of fluorescently labeled 
probes were applied to each hybridization well. Slides were hybridized in a moisture 
chamber (i.e., in-house built chamber with a centrifuge tube and a piece of filter paper 
wetted with 0.5 ml of hybridization buffer) at 46°C (VWR oven) for two hours. Next, 
samples were washed for 20 mmutes in a 48°C water bath (Cole Parmer). Samples were 
then quickly dipped into ice-cold DI water. Finally, the slides were quickly air drawn 
and mounted using Citifluor mountant media (Ted Pella Inc. - Redding, CA). Samples 
were observed in a confocal microscope (Zeiss LSM 510) using Argon (488, 514 nm) 
and HeNe (633 nm) lasers equipped with appropriate filters. The microscope's typical 
setup for the dyes of interest is summarized in Table 3.10. A total magnification of 400x 
was used in all observations.
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Figure 3.8-FISH  a) slide preparation; b) hybridization chamber; c) hybridization 
oven; d) washing bath; e) slide rinsing; f) slide air drying; 
g) and h) slide observation in the Imaging Center at the Department of 
Biological Sciences -  UNLV.
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Table 3.10 - Microscope typical setup according to the dye observed.
6FAM 488 505-550
CyB 514 530-550
Cy5____________ 633_______________ 650________
DNA Extraction and Polymerase Chain Reaction (PGR) Amplification
DNA was isolated firom fi'ozen samples using a DNA extraction kit (FastDNA® Kit - 
Qbiogene). DNA samples were preserved at -70®C. A standard agarose gel analysis, 
using an Easy Cast gel set up, was performed in order to confirm the presence of DNA in 
the samples. The DNA amplification, enzyme digestion, and T-RFLP analysis were 
performed by Ms Joan Rowe in the Nevada Genomics Center, at The University of 
Nevada Reno. Before and after amplification, the DNA was quantitated and the 
concentration was adjusted to 25ng/|il. The polymerase chain reaction (PCR) was 
performed using the universal labeled primers 63f (5’ -  6FAM -  CAG GCC TAA CAC 
ATG CAA GTC -  3’) and 1389r (5’ -  ACG GGC GGT GTG TAG AAG -  PET -  3’) 
(Marchesi et al. 1998, Osborn et al. 2000). The 25 |xl reactions contained 18.5 jxl of 
molecular grade water, 2.5 |xl of lOX Immo buffer, 1.0 p,l of 50mM MgC12, 0.25 dNTP 
mix (lOmM each), 0.5 primer mix (lOuM each), and 0.25 of hnmolase DNA polymerase 
(Bioline USA inc., Randolph, MA). Thermocycling was performed starting with a 
dénaturation step of 7 min at 95 “C followed by 40 cycles of 30 min at 94°C, 1 min at 56“, 
and 90 min at 72“. A final extension period of 10 min at 72“C concluded the cycling. 
The PCR products were purified on a Qiagen Biorobot 3000 using a Qiagen Min Elute 96 
UF PCR purification kit.
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Enzyme digestion and T-RFLP Analysis
Samples were digested with the enzymes Alu/ and HhaZ (Invitrogen, Carlsbad, CA), 
which had been reported to provide good discrimination on the number of fragments 
produced (Osborn et al. 2000). Each digest contained 3.5 |xl of purified PCR product and
1.5 |a1 of a master mix having 0.17(jl1 of molecular grade water, 0.5 |jl1 of lOx restriction 
buffer, and 0.33 |xl of respective enzyme. The digest was incubated for 8 hours at 37"C. 
The digested samples were diluted (1/20) and lul mixed with 12 |xl of HiDi 
formamide+LIZ500 size standard (6ul LIZ/1200ul formamide). Size separation was 
performed using an ABI3730 DNA Analyzer with filter set G5 (Applied Biosystems, 
Foster City, CA).
3.6 - Microbiological Data Analysis
3.6.1 - Identification of Microbial Population Shifts Using T-RFLP 
In the T-RFLP analysis, DNA extracted from the reactor’s microbial community was 
amplified by PCR using dually labeled primers, and then digested by restriction enzymes 
generating base pair sequences of different lengths. Since only the 3’ and/or 5’ 
terminations are labeled, after digestion the labels will be present just in the terminal 
fragments. Different DNA molecules will be digested differently generating distinct 
terminal fragments. The DNA fragments obtained were separated by size using 
electrophoresis. The labeled-terminal fragments of each DNA molecule were detected 
according to their fluorescence signal. The fluorescent intensity varies according to the 
number of fragments of same length detected. The results of this analysis was an 
electropherogram or T-RFLP profile, a graph correlating the length of the DNA terminal
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fragment, in base pairs, with their respective fluorescence response. A hypothetical 
example of an electropherogram is presented in Figure 3.9.
I
I
1
1
1 A , A A
T-RF size in base pairs
Figure 3.9 - Hypothetical example of electropherograms, showing fluorescence 
peaks detected for different fragment sizes.
Each fluorescence peak indicates that fragments of a certain length was produced 
in the enzyme digestion. The predominant terminal fragments are indicated by the height 
of peaks. Since the digestion is site-specific, electropherograms obtained from similar 
populations, using the same restriction enzymes, should be similar. For this reason this 
graphs can be used to compare different population and also monitor a particular 
population.
The electropherograms generated from the DNA samples were compared using 
statistical similarity and clustering analyses. The similarity analysis allowed the contrast 
between two different electropherograms. Since, several samples from each reactor were 
analyzed per run, the electropherograms also need to be classified. First, the similarity 
between samples was be determined, and then the samples were grouped. Clustering
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analysis was used to classify all electropherograms based on their similarities. The 
similarity and clustering analysis were performed using the statistical software package 
Minitab™ 12.
First, the electropherograms, representing each population, were converted into a 
binary array in which 1 indicates the presence of a fragment, fluorescence peak, and 0 
indicates the absence of a fragment. This was performed using a customized software, 
developed in Ruby, with the assistance of a Computer Scientist, Mr. Renato Marteleto. 
Next, the similarity between populations (i.e., profiles) was quantified by calculating 
ftieir Jaccard distance (JD). The Jaccard distance is equal to one minus the Jaccard 
coefficient (JC), which is a measure of similarity given by:
JC -  a/(a+b+c)
where, assuming microbial populations 1 and 2, a is the number of firagments 
detected in both populations, b is the number of fragments detected in population 1 and 
not detected in population 2, and c is the number of fragments detected in population 2 
and not detected in population 1. While, Jaccard distances closer to zero indicate 
population similarity, distances closer to one indicate dissimilarity. The populations will 
be compared in pairs and the results were stored in a matrix containing the respective JDs 
for each pair.
Finally, the matrix was organized in a graphical form where clusters could be 
identified. The clustering was preformed using the single linkage method for data 
classification. In this method the two most similar populations in a set of n communities 
is identified and separated. These populations are then treated as a single composite 
unity. This consideration results in a new set with n-\ communities. A new search for
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the most similar populations is performed and a new composite unit is generated. This 
process continues until all populations are paired. The result is shown in graphical form, 
the dendrogram. Figure 3.10 shows a hypothetical example of a dendrogram, which 
resembles a tree. In this hypothetical example, populations 1,2,3, and 4 are similar and 
form a cluster with Jaccard distance close to zero. Populations 5 and 6 are also similar, 
but form a different cluster. The two clusters formed are not similar and have Jaccard 
distance close to one, which means that the populations in 5 and 6 are different from the 
populations 1,2,3, and 4.
Sample 1 
Sample 2 
Sample 3 
Sample 4 
Sample 5 
Sample 6
0.25 0.5 0.75 1.0
Jaccard Distance
Figure 3.10 -  Hypothetical dendrogram -  samples 1,2, 3, and 4 are 
similar, samples 5 and 6 are similar to each other but 
different from the others.
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In this research, the dendrograms show which reactors are more likely to have the 
same population and which ones have different populations. Similar populations will 
trend to be clustered together having Jaccard distances closer to zero, whereas different 
population will typically appear in distinct clusters with Jaccard distances closer to one.
3.6.2 - Quantification of Known PAO’s and GAOs using FISH 
Known PAO’s and GAOs were quantified by relative area determination. The 
amount of cell hybridized by each PAO probe was compared with the total number of 
cells hybridized by a universal bacteria probe (EUB338). Each slide had 6 wells and for 
each well at least 5 digital photographs were randomly taken, summing 30 pictures (field 
of views) per slide. The total relative amount of cells (PAO/EUB338 and GAO/EUB338) 
determined for each well was used to estimate the 95% interval for the mean relative 
abundance of targeted PAOs and GAOs in the community. This analysis estimated the 
percentage of known PAOs and GAOs in each reactor for each sampling day.
The populations of known PAOs and GAOs present in the different reactors were 
compared based on the mean PAO/EUB and GAO/EUB ratios. These ratios were 
evaluated considering each individual targeted. Statistical inferences were performed 
using two-tailed small sample test of hypothesis. The difference between the average 
PAO/EUB in each reactor was investigated. The null hypothesis was that the mean 
PAO/EUB in the reactors were equal. The alternative hypothesis was that the mean 
PAO/EUB in the reactors were different. The same approach was used to compare the 
GAO/EUB ratios in each reactor. Both tests assumed a 95% confidence interval.
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3.7- Quality Assurance / Quality Control (QA/QC)
Reactor’s Performance and Operation
The critical parameters to be monitored are orthophosphate, total phosphorus, 
suspended and volatile solids, DO, pH, temperature, VF A, PHA and glycogen. The 
parameters directly related to the performance of the reactors are the concentration of 
orthophosphate in the effluent and the concentration of total phosphorus in the reactor. 
These parameters are used to calculate the phosphorus mass balance in the system. 
Solids concentration, DO, pH, and temperature are critical to maintain the desired SRT 
and to operate the reactors. The VF A, PHA and glycogen concentrations are critical to 
confirm metabolism in the reactors.
The main sources of error in the experimental procedures include: operator error, 
incorrect temperature in ovens used to measure SS and VSS, incorrect temperature in 
refrigerators used to store samples, lack of calibration of instruments (pipettes, 
spectrophotometer, gas chromatograph, pH meter, DO meter, and balance), and 
differences among injection volumes in gas chromatography analysis. In order to ensure 
the quality of the analysis the following precautions were taken:
• The calibration of the pipettes was checked once a week using an 
analytical balance. In addition, the appropriate pipette tips, as 
recommended by the manufacturer, were used with the pipettes.
• The calibration of the spectrophotometer used in the phosphate 
measurements was verified by analyzing a series of known standards using 
the equipment’s stored calibration. The R^  of resultant calibration curve 
was determined.
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• A thermometer was maintained inside the oven to check the temperature 
every time the oven was used.
• The analytical balances in the Environmental Engineering Laboratory at 
UNLV are calibrated every six month by a certified company (Precise 
Weighing, Santa Clarita, CA).
• All glass fiber filters used in solids analysis were stored in a desiccator 
before use.
• The gas chromatograph (GC) was calibrated using known standards every 
time samples were analyzed for PHA and VFA. VFA and PHA standards 
were purchased firom Alltech (Deerfield, IL) and Sigma (St. Louis, MI) 
respectively.
• An autosampler was used for the GC injections and internal standard 
calibration was used when manual injections were needed (i.e., PHA 
analysis).
• DO and pH meters were calibrated every time they were used. DO meter 
was calibrated using an altitude correction of 0.935 and the measured 
temperature. Two-point calibration was performed in the pH meters using 
pH buffers of 7.0 and 10.0.
• Temperature of the -20°C and -70°C freezers, where samples were stored, 
were monitored weekly.
• Glassware used for all analyses and standard preparation were acid 
washed using phosphate free soap and triple rinsed using DI.
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The accuracy of the analytical methods was determined by calibration procedures 
using known standards. The linearity of the calibration curves was evaluated based on 
least squares analysis. The acceptable minimum values for each parameter are listed 
in Table 3.11. The precision was evaluated based on analysis of replicate samples and/or 
standard controls. Given the large number of samples to be analyzed and the high costs 
associated with these analyses, replicates and/or controls were run at least every 10 
samples.
Table 3.11 -  Calibration of equipment used in the SBR’s runs.
Parameter Method Accuracy of standards (R^ )
Minimum
Precision
Detection
Limit
Calibration
range
OP and TP Spectroscopy
0.995*
(5 point calibration) 20% 40ppb 40 to 160 ppb 
asP
Glucose
VFA
PHA
Spectroscopy
Gas
Chromatography
Gas
Chromatography
0.997 
(6 point calibration) 
0.995 
(5point calibration) 
0.997 
(10 point calibration)
20%
20%
20%
1 ppm 
4ppm  
0.05 mg/g
1 to 150 ppm
4 to 50 ppm
0.05 to 
lOmg/g
* Equipment built in calibration checked against 5 standards
Quantification of Known PAOs and GAOs using FISH
The main sources of error in the FISH analysis are: extended time lag between sample 
collection and fixation, incorrect temperature of hybridization oven and washing bath, 
error in the preparation of solutions due to bad calibration of laboratory equipment, 
contamination of solutions used in the hybridization buffer, and loss of dye fluorescent 
capabilities by light exposure, loss of probe by use of contaminated vials. The following 
precautions were being taken to minimize these errors:
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• Sample fixation was performed immediately after laboratory sampling and 
within two hours of field sampling.
• Temperature of fi-eezer (-20®C) used for sample storage was weekly 
monitored.
• Probes were stored in a dark box covered with aluminum foil at -20“C.
• Sterilized vials and pipette tips were used in the probe handling.
• Molecular grade water was used in the preparation of probe aliquots and 
hybridization buffer.
• Autoclaved DI was used in the preparation of the washing buffer.
• Sterile centrifuge tubes were used in the probe hybridization and post 
washing procedures.
• Temperature of the washing water bath was verified before each analysis.
• A digital controlled oven was used for the hybridization.
The EUB338 probe per se is a control measurement, since it hybridizes most bacteria. 
For this reason dual hybridization of the targeted bacteria was expected in all the 
samples. If just signals corresponding to other probes than EUB338 were detected, the 
hybridization was potentially incorrect and the sample had to be reprocessed. This was 
not observed in any sample except for isolated field of views containing debris and 
eukaryotes that sometimes are strongly stained during the hybridization procedure. Two 
negative controls using pure cultures were performed to test the hybridization procedure. 
E. coli and S. equinus hybridized with all the probes used and observed under the 
confocal and fluorescence microscope. As expected, no signal was detected when using 
the specific probes. Signal was observed only when using the universal probe EUB338.
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This indicated that the fixation and hybridization processes were successful for these two 
organisms.
Identification of Microbial Population Shifts Using T-RFLP
The critical parameters on identification of microbial population shifts using T-RFLP 
were the peak shape and separation on the electropherogram. These parameters could 
have been affected by the DNA extraction procedures, PCR amplification, digestion 
procedures, and electrophoresis procedures. Osborn et al (2000) investigated the 
reproducibility of samples in T-RFLP analysis. They concluded that:
1) With electrophoresis procedures, variations were observed between replicates 
in runs performed both in the same gel (intragel) and in different gels 
(intergel). These variations was attributed to uneven sample loading.
2) The variations between replicates were found not significant with digestion 
procedures.
3) With PCR procedures, they found variation among replicates both in the 
number of fragments formed and in the peak heights. These variations are 
inherent to the PCR process.
4) DNA extraction variations were found to be small and no greater than the 
variations observed in the electrophoresis procedures. Based on Osborn’s 
studies the critical points in the T-RPLP reproducibility are electrophoreses 
procedures, mainly the gel loading, and inherent variations on DNA 
amplification via PCR.
The following precautions were taken in order to maximize sample reproducibility:
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The gel loading was performed using an automatic system, which 
according to Osborn reduces the variations among replicates.
Since the DNA extraction was performed using a commercial kit, the 
DNA recovery of the kit was verified before PCR amplification by testing 
the extracts in a gel electrophoresis.
DNA was quantified before and after PCR and the concentrations were 
adjusted to 25ng/pL.
An optimization of the number of PCR cycles and the digestion time was 
performed at the Genomics Center, at University of Nevada, Reno.
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CHAPTER 4
ENHANCED BIOLOGICAL PHOSPHORUS REMOVAL IN SBR REACTORS 
USING DIFFERENT CARBON SOURCES
In order to investigate the influence of VF As in the microbial community of EBPR 
systems, Sequencing Batch Reactors (SBRs) were operated using different carbon 
sources during two 7-week runs. Since differences in chemical performance among the 
reactors are likely to be related to differences in microbial community, it is very 
important to evaluate the chemical performance of the SBR reactors before studying their 
microbiological aspects. Evaluating the chemical performance is also important to ensure 
that the microbial population present in each reactor is performing EBPR.
The chemical performance of the SBRs, within the anaerobic and aerobic operational 
cycles, was evaluated based on the phosphorus mass balance and on the variation of 
carbon-containing constituents - namely VFA/ soluble COD, PHA, and glycogen. The 
SBR reactors were first grouped according to each carbon source used (i.e. acetate, 
propionate, butyrate, valerate and glucose) and analyzed. Next, the overall phosphorus 
removal performance of the reactors was evaluated and compared.
72
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.1 SBR Reactors Fed with Acetate and Propionate 
4.1.1 Acetate and Propionate as Sole Carbon Source -  Reactors A1, A2, PI, and P2
4.1.1.1 Release and Uptake of Orthophosphate in Reactors A1, A2, PI, and P2 
The profiles of orthophosphate (OP) observed in the SBRs fed with acetate and 
propionate (i.e. A1 - acetate, A2 - acetate replicate, PI - propionate, P2 - propionate 
replicate) revealed that phosphate is released in the anaerobic phase and taken up in the 
aerobic phase of the operational cycle, as expected (Figure 4.1). For all reactors, most of the 
phosphate release took place within the first 50 minutes of the anaerobic phase. This 
corresponds to the uptake of acetate and propionate, which happened mostly before 
completion of the first hour of operation (Figure 4.4).
After 50 minutes, the phosphate release stopped since there was little carbon left to be 
taken up. Phosphate uptake happened along the entire aerobic phase, with the majority of the 
phosphorus being assimilated during the first three hours of aerobic operation. In general, 
the phosphate profiles show that excess phosphate was taken up at the end of the aerobic 
cycle, which indicates that the bacterial communities present in the reactors were performing 
EBPR. Based on the anaerobic release and aerobic uptake of phosphate, the cycle length 
could be reduced without any critical implication to the system’s performance. The 8-hour 
cycle was kept because it is less expensive to be maintained and easier to be operated 
considering the size of the reactors (i.e. 8L). Typically laboratory EBPR SBR had been 
operated with aerobic phase 2-4 times longer than the anaerobic phase (Jeon et al 2001, 
Carucci et al. 1994, Levantesi et al. 2001, Jun and Shin 1997, Lemos et al. 1998, Onuki et. 
al. 2002, Chen et al. 2004). In this study, aerobic phase was set to be about 2 times larger 
than the anaerobic phase.
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Figure 4.1 - Phosphate profiles observed in reactors Al, A2, PI and P2.
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Figure 4.1 also shows that the OP profiles change with time. These changes suggest a 
transient pattern on the EBPR systems, particularly during the first four weeks of operation. 
The transient patterns suggest either acclimation or selection of the microbial community. 
While acclimation relates to the adaptation of the community (i.e., no changes in the 
community) to the new environmental conditions present in the reactors, selection relates to 
changes in the microbial community caused by these new conditions. OP profiles observed 
in the acetate (A1-A2) reactors were considerably different from those of the propionate (Pl- 
P2) reactors at the beginning of the 7-week run. It is possible that the microbial community 
was previously acclimated to acetate, which is the predominant VFA in the primary effluent 
of CCWRD plant. This fact may explain the difference among the reactors fed with acetate 
and propionate. Insights into this matter are expected from the FISH and T-RFLP analysis.
The phosphorus mass balance (Appendix B and Figure 4.2) revealed that all reactors 
presented significant increase in phosphorus release during the seven weeks of operation 
(Figure 4.2). Other authors have observed this behavior during the initial operation of SBR 
reactors (Jeon et al 2001, Levantesi et ai 2001, Onuki et a l 2002). Jeon et al (2001) 
reported increasing P-release in SBRs fed with glucose and acetate for a period of 210 days 
(1.8 mg/L/week). Levatesi et al 2001, using a mixed feed containing acetate propionate and 
butyrate, observed phosphorus release increase for a period of about 3 months (4.4 
mg/L/week). Omuki et al 2002 fed their SBR with acetate as a sole carbon source and 
observed an increase in phosphate release for approximately 20 days of operation (11 
mg/L/week). These results show that the time in which steady conditions take place differs 
from system to system. The stabilization time may depend on the synthetic wastewater and 
on the reactor’s sludge seed used in each distinct system.
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At the beginning of the experiment the mæcimum OP concentration in the anaerobic 
phase was about 10 mg/L and by die seventh week it was as much as 90mg/L. The 
phosphate release in reactors Al and A2 increased linearly (R  ^0.96 and 0.94), during the first 
four weeks, at a rate of 21.87 and 20.44 mg/L/week, respectively. After week 4, the 
phosphate release in reactors Al and A2 continued to increase linearly (R  ^0.47 and 0.95), 
however at a much lower rate (4.8 and 2.8 mg/L/week, respectively). In the propionate 
rectors, phosphate release increased linearly (R  ^0.95 and 0.86) throughout the run at rates of 
13.18 and 13.32 mg/L/week for PI and P2, respectively. During the first four weeks, the 
phosphorus release in the acetate reactors increased about 1.6 times faster than in the 
propionate reactors. However, after the fourth week, the phosphate release stabilized in the 
acetate reactors and kept increasing at a rate about 3.5 times faster in the propionate reactors. 
At the end of the run the releases in all reactors were very similar.
Typical values of phosphate release per carbon uptake in SBRs are shown in Table 4.1. 
A more extensive review that includes about 40 different types of EBPR systems was 
compiled by Schuler and Jenkins (2003) and shows phosphate release per carbon uptake 
ranging from 0.015 to 0.93 moles of P/mole of carbon. In this study, the amount of 
phosphorus released by the cells during the anaerobic phase per moles of carbon taken up 
(mole of P/mole C) increased during the run from about 0.03 to over 0.55 (Figure 4.3). At 
the end of the run, the propionate reactors had slightly more phosphorus released per carbon 
taken up than the acetate rectors (Figure 4.4). However, a two-sample t-test indicated that 
this difference is not significant at a 95% confidence level (p value 0.000).
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Table 4.1 - Typical values of phosphate release and sludge phosphate content observed for 
SBR reactors.
Reference % P in cells (mg P/mg SS)
P release 
(mol P/mol C) Carbon Source
Hesselman et al (2000) 6 0.37 Acetate
Levantesi et al (2002) 8.6 0.35 Acetate, propionate and butyrate
Crocetti et al (2000) 17.2 0.68 Acetate
Bond et a l (1999) 12.3 0.7 Acetate
Pijuan et a l (2004) - 0.61-0.85 Acetate
This study Al* 15 0.59 Acetate
This study A2* 15 0.56 Acetate
Pijuan et a l (2004) - 0.5-0.75 Propionate
This study PI* 16 0.69 Propionate
This study P2* 14 0.65 Propionate
Smolders et al (1994a) 
model
- 0.5 Acetate
Mino model (Mino et al 
1987)
- 0.25 Acetate
Comeau and Wentzel 
Model ( Comeau et al. 
1986, Wentzel et al 
1986)
0.5 Acetate
Adapted Mino Model 
(Wentzel et fl/. 1991)
- 0.33 Acetate
* Phosphate release at the end of the seven-week run (mol P/mol C)
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Figure 4.3 - Profile of phosphate release/carbon uptake (mol P/mol C) for 
reactors A l, A2, PI and P2.
The increase in phosphate release observed along the seven week-run corresponds 
directly to an increase in the amount of phosphorus accumulated by the cells in a VSS basis 
(Figure 4.2). This trend is more evident in the reactors PI and P2, for which a linear 
correlation between phosphate release and percent of phosphorus accumulated in cells 
showed values of 0.93 and 0.95, respectively. For reactors Al and A2 the same 
correlation had of 0.78 and 0.70, respectively. At the beginning of the run, the phosphate 
content of the biomass measured in a VSS basis in the reactors was about 3% (2% in SS 
basis). Along the run this value increased to as much as 16% in a VSS basis (12% in a SS 
basis). Schuler and Jenkins (2003) summarized parameters from different EBPR systems, 
including SBRs, and reported phosphate content in a SS basis varying from 1 to 18%. The 
observed increase in both phosphate release and phosphate content of the sludge may be an 
indication that a PAO community was being selected with time. However, this observation
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may also indicate that the phosphorus removal capacity of the PAO population present at the 
beginning of the run increased without a correspondent increase of the PAO population 
characterizing a process of acclimation. This assertion will be further investigated when the 
T-RFLP and FISH data generated for these reactors is evaluated in Chapter 5.
4.1.1.2 Degradation and Formation of Carbon Constituents (i.e. VFA, PHA, and Glycogen)
in Reactors Al, A2, PI, and P2
Acetate and Propionate Profiles
Acetate and propionate were completely consumed within the first two hours of 
anaerobic operation (Figure 4.4). On average, the total amounts of acetate and propionate 
taken up per grams of VSS were 58.65 mg acetate/g VSS and 46.3 mg of propionate/g VSS, 
respectively. After two hours the VFA concentration in the system dropped below detection 
limit. Similar behavior has been reported by other researchers (Levantesi et al. 2002, Bond 
et al. 1995, Lemos et al. 2003, Liu et al. 1994, Hesselman et al. 2000).
After entering the system, acetate and propionate were rapidly taken up during the 
anaerobic phase at average rates of 0.0174 of mmol acetate/g VSS min (0.0348 mmol C/g 
VSS/min) and 0.0107 mmol of propionate/g VSS min (0.0322 mmol C/g VSS/min). The 
carbon uptake rates observed in this study are within the rates reported in the literature (Table 
4.2). At a 95% confidence acetate was taken up faster than propionate (p-value 0.0007). 
However, on a carbon basis and at a 95% confidence level, the uptake rates were very similar 
(p-value 0.49). Other authors had also observed little difference on the carbon uptake rates 
for reactors fed with acetate and propionate (Table 4.2).
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Figure 4.4 - Acetate and propionate profiles observed in reactors A l, A2, PI, and P2.
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
PHA Profiles
The acetate and propionate taken up during the anaerobic phase were accumulated as 
PHA within the cell (Figure 4.5). During the subsequent aerobic phase, no other sources of 
carbon were available. For this reason the microbial population had to use their internal 
carbon reserves in the form of PHA to survive.
In general, the profiles observed for the acetate reactors (Figure 4.5) show that in the 
beginning of the anaerobic phase the biomass PHA content varied from 20 to 40 mg total 
PHA/g SS. In the anaerobic phase, PHA generated reached maximum values within 40 - 70 
mg PHA/g SS. In the aerobic phase the PHA content dropped to values as low as 10 mg 
PHA/g SS. This behavior was consistent along the run except for the profile observed on 
May 10 in reactor Al, which was unexpectedly higher than the others. In this particular day, 
reactor Al presented PHA contents as high as 140 mg PHA/g SS. In the propionate reactors, 
the PHA contents at the beginning of the anaerobic phase varied between 1 0 - 4 0  mg of 
PHA/g SS. Some of the profiles observed in these reactors showed an unexpected decrease 
of the PHA content in the first hour of the anaerobic phase. After that, the PHA 
concentration increased reaching values ranging from 15-50 mg of PHA/g SS. After PHA 
consumption throughout the aerobic phase, the concentration of PHA in the propionate 
reactors ranged from about 3 - 30 mg of PHA/g SS.
Table 4.2 -  Carbon uptake rates observed in the literature for reactors fed with 
acetate and propionate.
Acetate Propionate Reference
tû pN 0.0622 0.0604 Pijuan et al. (2003)
u -g 0.0267 0.0200 Chen et al. (2004)
'g % 0.0231 - Liu et al. (1994)
1 > 0.0340 - Jun and Shin (1997)
0.0325 0.0312 This study
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Figure 4.5 -  PHA profiles observed in reactors A l, A2, PI, and P2.
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The PHA generated in the anaerobic zone expressed on a carbon basis, from the third 
week to the seventh week of run, is shown in Table 4.3.
Table 4.3 - PHA generation per carbon uptake in reactors Al, A2, PI, and P2.
Date -  2004 
(week)
12-Apr 
(3)
14-Apr
9 )
19-Apr
(4)
26-Apr
(5)
10-May
(6)
20-May
(7)
Al 1.12 1.62 1.07 0.85 0.95 0.76
PHA generated A2 0.96 1.32 1.46 0.81 0.84 0.74
% carbon taken up PI 0.31 0.25 0.04 0.34 0.00 0.16
(mol C/mol C) P2 0.22 0.23 0.10 0.12 0.02 0.13
In the acetate reactors, the amount of PHA, on a carbon basis (PHA-C), generated per 
carbon taken up varied from 0.74 to 1.6 C-mol/Cmol (Table 4.3). These values are similar to 
ranges reported in the Uterature for laboratory SBRs fed with acetate - 0.94 to 1.7 mol C/ mol 
C (Schuler and Jenkins, 2003b). The PHA-C formation with VFA uptake on a carbon basis 
also agrees with the biochemical models of Comeau-Wentzel (Comeau et al. 1986, Wentzel 
et al. 1986) and the Adapted Mino (Wentzel et al. 1991) which forecast the formation of 
PHB from acetate at yields of 0.89 mol C/ mol C and 1.33 mol C/ mol C, respectively.
In the propionate reactors, the amount of PHA formed varied from 0.02 to 0.31 C- 
mol/Cmol (Table 4.3). Chen et al. (2004) observed that 1.02 mol PHA-C were formed per 
mol of carbon taken up in a SBR spiked with propionate. In the model postulated by Satoh et 
al. (1992), 0.67 mol PHA-C should be formed per each mol C taken up. In this study, the 
PHA formed in the propionate reactors is about half of the value expected by the model 
presented by Satoh (1992). In addition, the PHA formed in the propionate reactors is 
significantly different (95% confidence level, p-value < 0.04) from the values found for the
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acetate reactors. Similarly, in batch tests, Lemos et al. (1998) had shown yields of PHA 
formation per carbon taken up of 1.27 and 0.41 mol C/mol C for acetate and propionate, 
respectively. As in this study, Lemos et al. (1998) accounted only for PHB and PHV to 
estimate total PHA. However, other authors show that, for propionate feeding, the amount of 
3-hydroxymethylvalerate (3H2MV) can be as high as 50% of the total PHA (Satoh et al. 
1992, Matsuo et al. 1992,Satoh et al 1996). Since 3H2MVs were not measured in this study, 
the amount of total PHA determined for the propionate reactor may be significantly 
underestimated. This may explain why the PHA production in the propionate reactors was 
different from the PHA production in the acetate reactors.
Based on the phosphorus balance, a higher phosphate release should correspond to a 
higher VFA uptake by PAOs, and therefore a higher PHA content in cells in the end of the 
anaerobic phase. For this reason the PHA content was expected to increase with time. This 
trend was not observed in any of the reactors. Weak correlation (R^<0.40) was observed 
between PHA generated/carbon taken up and time, except for reactor A1 (R^<0.79). In 
reactor Al, the PHA generated/carbon taken up decreased with time at a rate of 0.13 mol 
C/mol C/week. Two factors may have contributed to this unexpected result. First, the PHA 
data were collected from the third week on, while phosphorus data were acquired along the 
whole run. Data from weeks 1 and 2 would probably make a difference in the trends 
observed for PHA generated/carbon taken, mainly for the acetate reactors. Second, it is 
possible that HAs other than PHBs and PHVs, which were not accounted for in this study, 
were formed.
The average PHB and PHV content in the total PHA measured is show in Table 4.4. The 
values observed in this study are within the ranges reported in the literature. As found by
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other researchers, acetate produced more PHB than PHV and propionate produced more 
PHV than PHB.
Table 4.4 - Composition of the total PHA in reactors fed with acetate and propionate.
Substrate Ratio
(HB/HV) HE
% HA in total PHA 
HV 3H2MV 3H2MB
Reference
Acetate 3.04 75.25 24.75 - - Lemos ef a/. 1998
Acetate 3 75 25 0 - Sathoe/a/. 1996
Acetate 9 90 10 0 - Sathoeffl/. 1992
Acetate 2.5 66.7 26.4 2.4 4.5 Liu et al. 1996/1994
Acetate 2.40 69.7 29.1 0.2 1 Liu et al. 1994
Acetate (Al)* 4.4 80 (13) 18(3) - - This study
Acetate (A2)* 4.7 80 (14) 17(6) - - This study
Propionate 0.39 28.06 71.94 - - Lemos et al. 1998
Propionate 0.1 8.3 80.55 11.14 - Sathoefc/. 1996
Propionate 0 0 50 50 - Satho et al. 1992
Propionate 0.015 1.3 86.4 10.9 1.4 Liu et al. 1996
Propionate
(PI)* 0.16 12(18) 75 (32) - - This study
Propionate
(P2)* 0.17 15 (19) 88 (11) - - This study
* Average (standard deviation)
Glycogen Profiles
The glycogen profiles show some trends of glycogen consumption and generation during 
the anaerobic and aerobic phase, respectively (Figure 4.6). In general, typical glycogen
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EBPR trends were more evident in the reactors fed with acetate than in the reactors fed with 
propionate. In reactors Al and A2, the glycogen concentration decreased from about 25 to 
16 mg glucose/g SS during the anaerobic phase. In the aerobic phase glycogen was 
generated to levels as much as 30 mg/g SS. Initial glycogen concentrations in the propionate 
reactors were about 25mg/g SS. In the end of the anaerobic phase the concentrations 
decreased to less than 15 mg/g SS. During the aerobic phase the glycogen concentrations 
observed did not have any defined trend.
4.1.2 SBR Reactor (AP) Fed with Acetate and 
Propionate as a Mixture (1/1)
The reactor fed with combined acetate and propionate was part of the second run of the 
experiment, which also included reactors fed with butyrate, valerate, and glucose. Between 
runs the reactors were completely empted, cleaned, and seeded with new biomass from Clark 
County Water Reclamation Facility.
4.1.2.1 Release and Uptake of Orthophosphate in Reactor AP 
Phosphorus release and uptake was also observed in the SBR fed with a mixed acetate and 
propionate (Figure 4.7). Phosphate was mostly released in the first hour of anaerobic cycle, 
and correlates with the uptake of acetate and propionate (Figure 4.9).
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Figure 4.6 -  Glycogen profiles observed in the reactors Al, A2, PI, and P2.
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Figure 4.7 -  Orthophosphate profiles observed in reactor AP.
In this reactor, the phosphorus release did not vary much along the 7-week operation 
(Figure 4.8). From the first to the second week, the phosphate release increased from 20.3 to 
48.7 mg/L. This corresponds to a rate of 28.4 mg/L/week, which is higher than the average 
rates observed for the reactors fed with sole acetate (21.15 mg/L/week) and sole propionate 
(13.25mg/L/week). After the second week, the phosphate release stabilized between 50 and 
60 mg/L.
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Figure 4.8 -  Phosphate release and phosphorus content in the cells observed in reactor 
AP.
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Interestingly, the feed containing a mixture of acetate and propionate lead the system to 
steady state faster that the feed containing the individual VF As. The phosphorus release per 
carbon uptake observed was around 0.30 moles of P/ moles of C, except for the first week of 
the run when the phosphorus release per carbon uptake was 0.11 moles of P/ moles of C. 
After steady state, the phosphate release observed was within values reported in the literature 
and presented in Table 4.1. Both acetate and propionate, when fed as sole carbon source, 
generated more phosphorus release than when fed in combination. A similar observation was 
reported by Randall and Liu (2002) who observed that feeding a combination of acetate and 
propionate would produce less phosphate uptake than feeding the individual acids. If less 
phosphate is taken up in the aerobic phase, consequently less phosphate will be released in 
the anaerobic phase. This may explain the difference in phosphorus release between the 
reactors fed with acetate, propionate, and acetate-propionate.
The phosphorus content of the sludge present in reactor AP varied from 6 to 11% in a 
VSS (5 to 10% in a SS basis), which is within reported values (Table 4.1). In general the 
microbial population present in reactor AP accumulated slightly less phosphorus during the 
aerobic phase than the populations of reactors A1-A2 (4 -  12%SS) and P1-P2 (2-11%). 
However, at the beginning of the run AP accumulated more phosphate than A1-A2 and Pl- 
P2.
4.1.2.2 Degradation and Formation of Carbon Constituents (i.e. VFA, PHA, and 
Glycogen) in Reactors Al, A2, PI, and P2
COD Profiles
Figure 4.9 shows that soluble COD decreases rapidly in the first hour of the operational 
cycle. This indicates that, as in the reactors fed solely acetate and propionate, VF As were
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
mostly taken up within the first hour of the anaerobic phase. The carbon uptake rates 
observed in this reactor varied from 0.08 to 0.1 mol C/g VSS min.
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Figure 4.9 -  Soluble COD profiles observed in reactor AP.
PHA Profiles
Acetate and propionate taken up during the anaerobic phase were converted to PHA 
(Figure 4.10). The initial PHA content of the cells varied from 3 to 27 mg of PHA/ g SS and 
the PHA generated during the anaerobic phase varied from about 30 to 95 mg PHA/g SS. In 
terms of PHA generation, the reactor AP was similar to the reactors fed with acetate as a sole 
carbon source (A1-A2). In reactor AP, 0.76 to 1.62 C mol of PHA were generated per mol of 
carbon taken up. Despite generating similar amounts of PHA reactors AP and A1-A2 
generated PHAs with different compositions. The PHB and PHV generated in reactor AP 
accounted in average for 25% and 75% of the total PHA, respectively. This higher amount 
of PHV may explain why AP did not take up as much phosphate as the reactors fed with 
acetate. These results are similar to those presented by Satoh et al (1992) for batch
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experiments that combined acetate and propionate as carbon source. Assuming that just PHB 
and PHV accounts for total PHA, their results indicate that a 1/1 acetate to propionate feed 
would generated 33% of PHB and 67% of PHV.
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Figure 4 .10- Total PHA profiles observed in reactor AP.
Carbohydrate Profiles
For the reactor AP total carbohydrate, expressed as glucose, was determined instead of 
glycogen. Several authors have used total carbohydrate as an indicator of glycogen 
concentrations in EBPR systems (Satoh et al. 1992, 1996, Liu et al. 2001, Liu et al. 1994, 
Maurer et al. 1997). The profiles show higher glucose concentrations compared to the ones 
presented for the A and P reactors (Figure 4.11). This difference was expected since the 
digestion procedure of the total carbohydrate method generates more glucose than the 
extraction and digestion of glycogen itself. The profiles of total carbohydrate, in general, 
indicate consumption of glycogen during the anaerobic phase and accumulation during the 
aerobic phase. During the anaerobic phase, the amount of carbohydrate, measured as 
glucose, consumed per carbon taken up varied from 0.16 to 0.58 C mol/ Cmol.
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Figure 4.11 -  Total carbohydrate profile observed in reactor AP.
4.2 SBR Reactors Fed with Butyrate (B) and Valerate (V)
4.2.1 Release and Uptake of Phosphate in Reactors B and V 
The phosphorus profiles observed in the reactors B and V show that uptake exceeded 
release and EBPR took place in both reactors (Figure 4.12). In these reactors, phosphorus 
was continuously released along the whole anaerobic phase, contrary to the reactors fed with 
acetate and propionate. This occurred because the uptake of both butyrate and valerate took 
longer than the uptake of acetate and propionate (Figure 4.14).
Figure 4.13 shows that while about 60 mg/L of phosphate was released in reactor B, only 
about 35 mg/L of phosphate was released in reactor V. However, in terms of carbon uptake 
the phosphate release achieved in reactors B and V are very similar. In terms of carbon taken 
up, reactor B presented phosphate releases ranging from 0.13 to 0.37 moles of P/mol of C 
and reactor V showed phosphate releases varying from 0.14 to 0.30 moles of P/mol of C. In 
general, the phosphate release observed in the reactors B and V was similar to the phosphate 
release observed in reactor AP and was lower than the phosphate release observed in reactors 
A1-A2 and P1-P2. Using a continuous EBPR system fed with sewage spiked with VF As,
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Abu-ghararah and Randal (1991) observed phosphate release of 0.19 and 0.34 moles of P per 
mol of carbon taken up for butyrate and valerate, respectively. EBPR studies using SBRs fed 
with butyrate and valerate are rare and no reports were found in the literature.
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Figure 4.12 -  Orthophosphate profiles observed in reactors B and V.
The amount of phosphate released in the anaerobic phase varied only in the first and last 
week of the run in both reactors. Both reactors reached steady conditions after two weeks of 
operation (Figure 4.13). The phosphate release observed in reactor B was very similar to that 
determined for reactor AP, but it was inferior to the release calculated for reactors A and P at
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the end of seven weeks. Reactor V presented the lowest phosphate release of all fatty acids 
tested.
Week
I
I
;
i
.5
Week
■ B i  P in cells - % VSS •  P Release (mg/L)
Figure 4.13 - Phosphate release and phosphorus content in the cells observed in 
reactors B and V.
In the aerobic phase, phosphate was taken up fast and the concentrations decreased to 
levels lower than 1 mg/L as P in about 2 hours. Despite this high and fast uptake of 
phosphate in the aerobic phase, at the end of seven weeks both reactors B and V were clearly 
showing signs of EBPR failure. The amount of phosphorus accumulated by the biomass in 
these two reactors was similar and varied from 6% to 14% in a VSS basis (5 to 11% in a SS 
basis).
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4.2.2 Degradation and Formation of Carbon Constituents (i.e. VFA,
PHA, and Glycogen) in Reactors B and V
COD Profiles
Based on the soluble COD profiles (Figure 4.14) butyrate and valerate were consumed 
within the first three hours of the anaerobic phase. This shows that the uptake of butyrate 
and valerate took about two hours longer than the uptake of acetate and propionate. Gerber 
et al. (1986) also observed a slower uptake of butyrate in contrast with acetate and 
propionate. The fact that carbon is taken up slowly in these reactors explains the continuous 
release of phosphate observed throughout the anaerobic phase. On a carbon basis the rates of 
VFA uptake per grams of VSS were basically the same. Assuming a linear uptake the 
average uptake rates of butyrate and valerate were 0.029 mmol C/g VSS/min and 0.032 
mmol C/g VSS/min, respectively. These values are very similar to the rates observed for 
acetate (0.0338 mmol C/g VSS/min) and propionate (0.0322 mmol C/g VSS/min).
PHA Profiles
As expected PHAs were accumulated in the anaerobic phase and consumed in the 
anaerobic phase in both reactors (Figure 4.15). In reactor B, the PHA content at the 
beginning of the anaerobic phase varied fi-om 18 to 35 mg PHA/g SS. During the anaerobic 
phase PHA was generated reaching a maximum content of 32 - 40 mg PHA/g SS. In the 
subsequent aerobic phase PHA was used up and the amount of PHA remaining in the cells 
varied from 4 to 20 mg PHA/g SS.
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Figure 4.14 - Soluble COD profiles in the reactors B and V fed with butyrate and valerate, 
respectively.
In the valerate reactor, the PHA content at the beginning of the anaerobic phase was 
within 10 and 30 mg PHA/gVSS. During the first hour of the anaerobic phase, the PHA 
content unexpectedly decreased to about 3 to 10 mg PHA/g SS. Interestingly, this decrease 
was consistent along the run. The same behavior was not observed in the butyrate reactor. 
Such behavior had not been reported in EBPR studies using other VF As.
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Figure 4.15 - PHA profiles observed in reactors B and V.
After the sudden and unexpected PHA decrease in the first hour of the anaerobic phase, 
PHAs were quickly formed and the PHA content increased to 13-37 mg PHA/g SS. The 
amount of PHA formed in the reactor B was similar to that formed in reactor V (Table 4.5). 
During the aerobic phase the total PHA content in reactor B decreased to 3-15 mg PHA/g SS, 
as PHA was used as carbon source.
Table 4.5 - PHA formation on a carbon basis in reactors B and V.
Week 1 2 3 4 5 6 7
Butyrate (C mol/Cmol) 0.13 0.15 0.29 0.26 0.34 0.45 0.37
Valerate (C mol/Cmol) 0.22 0.25 0.19 0.08 0.31 0.27 0.22
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Carbohydrate Profiles
In general, the carbohydrate profiles observed in reactors B and V show that glycogen is 
consumed in the anaerobic phase and generated in the aerobic phase (Figure 4.16). However, 
some of the profiles observed did not show any trend. The carbohydrate levels observed for 
both reactors B and V were slightly different from the one observed in the reactor fed with a 
mixture of acetate and propionate. Four profiles out of seven show glycogen consumption in 
the anaerobic phase. These profiles show that the carbohydrate consumed during the 
anaerobic phase varied from 15.2 to 45.6 mg of glucose /g SS and from 17.7 to 38 mg of 
glucose /g SS in reactors B and V, respectively.
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Figure 4.16 -  Total carbohydrate profile observed in reactors B and V.
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4.3 SBR Reactor Fed with Glucose (G)
4.3.1 Release and Uptake of Phosphate in Reactor G 
The EBPR performance observed in reactor G was completely different from the EBPR 
performances observed in the reactors fed with VF As. The phosphorus profiles observed in 
reactor G (Figure 4.17) show little phosphate release and uptake in the anaerobic and aerobic 
phases. Initial and final phosphate concentrations were almost the same and low phosphate 
removal was observed. This behavior indicates that reactor G was performing poor EBPR. 
Glucose had been reported to induce poor EBPR performance (Cech and Hartman 1990, 
1993, Randall et al. 1994,1997a).
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Figure 4.17 -  Orthophosphate profiles observed in SBR reactor fed with glucose.
Despite the poor performance of reactor G, some phosphate was still released and taken 
up in the anaerobic and aerobic phases, respectively. The maximum phosphorus 
concentration in the end of the anaerobic phase did not exceed 25 mg/L. This value is very 
low compared to phosphate releases observed in the reactors fed with VF As, which were as
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high as 100 mg/L. Cech and Hartman (1993) observed similar phosphate release (20 mg/L) 
in a reactor feed with glucose and acetate. The phosphorus release in reactor G decreased 
along the operation from about 15 mg/L to less than 10 mg/L (Figure 4.18). These ranges 
were the smallest observed in all the reactors studied. In reactor G, the maximum amount of 
phosphorus accumulated in the cells during the aerobic phase was about 5% of VSS. 
Phosphorus contents in cells ranging from 4% to 2% were observed by Cech and Hartman 
(1993) for a reactor feed with acetate and glucose. Randall et al. (1994) found values slightly 
higher ranging from about 6 to 7%. The phosphorus content of the biomass in reactor G was 
the lowest observed from all the rectors investigated. The physical appearance of the sludge 
present in reactor G was also very different from the others. While the reactors fed with 
VFA, in general developed a light brown sludge, the glucose sludge was greenish. The 
sludge in reactor G was heavier than the sludge in the reactors fed with VFA. The flocks 
present in reactor G were smaller and had with less filamentous backbones than the flocks 
observed in the other reactors.
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Figure 4.18 - Phosphate release and phosphorus content in the cells observed in 
reactor G.
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In contrast to this study, other authors had observed good EBPR performance in systems 
fed with glucose both as a sole and combined substrate (Carucci et al. 1994, Jun and Shin 
1997, Jeon and Park 2000, Jeon et al. 2001). Jeon and Park used an SBR system similar to 
the one used in this research fed with glucose as a sole carbon source. They proposed a 
model which involves the participation of two microbial populations in the glucose 
metabolism. While microorganisms named Lactate Forming Organisms (LFOs) accumulate 
glucose as glycogen and convert it to lactate afterwards, PAOs convert lactate to PHA at the 
expense of polyphosphate.
The EBPR studies using glucose as carbon source indicate that the performance of the 
systems depends upon their microbial population and not on the glucose feed. It appears that 
the system tends to fail when GAOs are dominating, whereas when LFOs and PAOs are 
present the system performs successful phosphate removal. For this reason it cannot be ruled 
that the poor EBPR performance observed in the reactor G in this research was exclusively 
related to the composition of the feed. At the end of the seventh week the glucose reactor 
showed signs of improvement in the EBPR performance, which may be correlated with 
microbial population changes. This hypothesis will be further investigated in Chapter 5.
4.3.2 Degradation and Formation of Carbon Constituents 
(i.e. Glucose, PHA, and Glycogen) in Reactor G
COD Profile
Figure 4.19 show that soluble COD decreases significantly in the first hour of the 
anaerobic phase. This trend indicates that in general glucose is consumed faster than 
butyrate and valerate, which took more than two hours to be taken up. Glucose was 
consumed at an average rate of 2.7 mg of glucose /g VSS min (0.082 mmol C/g VSS min).
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Despite the fast consumption of glucose along the anaerobic cycle phosphate was not 
released at high levels. This may be an indication that glucose was used by GAOs during the 
anaerobic phase. The high levels of carbohydrate observed in this reactor may confirm this 
observation (Figures 4.22).
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Figure 4.19 - Soluble COD profiles in reactor AP fed with a mixture of acetate and 
propionate (1/1).
PHA Formation and Degradation
Despite the low phosphate release observed in the reactor G in the anaerobic phase, PHA 
was accumulated at levels as much as 50 mg PHA/g SS (Figure 4.20). Similar PHA 
generation was observed in the reactors B, V, and P. Reactor G generated fi'om 0 to 0.12 
PHA-C per moles of carbon taken up, except for the first week were 0.51 PHA-C were 
generated per mol of carbon taken up. In terms of PHA generated per carbon taken up, the 
PHA formation in reactor G was the smallest observed among all the reactors investigated. 
As observed in the valerate reactors the PHA concentration unexpectedly decreased in the 
first hour of anaerobic conditions and then increased rapidly.
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Figure 4.20 -  PHA profiles observed in reactor G.
Total Carbohydrate Profiles
The total carbohydrate profiles show no clear trend of anaerobic consumption and aerobic 
formation of carbohydrates during the operational cycle (Figure 4.21). The only pattern 
shown by these profiles is that higher concentrations of carbohydrate measured as glucose 
were found in reactor G compared to the ones the reactors fed with VF As.
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Figure 4.21 - Total carbohydrate profile observed in reactor AP.
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4.4 Phosphorus Removal Performance of the SBRs Investigated 
Before comparing the phosphorus removal performance of all the reactors together, the 
performance of the duplicate reactors, fed with acetate and propionate in the first run, were 
compared. Based on the results of this preliminary analysis, the reactors A1-A2 and P1-P2 
were combined into A and P, respectively. Next, the performances of all reactors (A, P, AP, 
B, V, and G) were contrasted.
4.4.1 Performance of Reactors A l, A2, PI, and P2.
As depicted in Figure 4.23, in general the acetate reactors, Al and A2, presented a better 
performance than the propionate reactor achieving phosphate removals higher than 95% at 
the end of seven weeks. After week 4, the phosphate removal observed in the acetate 
reactors reached a level higher than 80%. However, the propionate reactor consistently 
presented removals lower than 80% throughout the entire run.
100%
80%
60%
A lD ift2 S P l0 P 2  ®r-
40%
20%
-20%
Figure 4.22 - Phosphorus removal performance in reactors A and P.
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Figure 4.23 shows the box diagram for the % P-removal in all the reactors illustrating the 
characteristics of the data distribution. The box diagram shows that the % P-removal varied 
more for the acetate reactors than for the propionate reactors.
1 0 0 -
50 —
Reactor
The whiskers shows the lower and upper limit o f the data set, the box shows the first 25* percentile 
(bottom line), 75* percentile (top line), and the median (intermediate line). The dot represents the 
means and the asterisk outliers (observations that are &r from the rest o f  the data).
0 -
Figure 4.23 - Box diagram showing the characteristics of the % P-removal distribution in 
reactors Al, A2, PI, and P2.
One-way analysis of variance was used to compare all the reactors together. The 
hypothesis that the mean % P-removals were equal was tested. The F (22.16) and P (0.0000) 
values do not support the hypothesis that the reactors had the same mean phosphate removal 
and indicate that at least one reactors presented different performance than the others.
The reactors were paired and compared using two sample t-tests, in order to contrast their 
individual performances. The null hypothesis that the mean P-removal of each pair of 
reactors is equal was tested and the results are summarized in Table 4.6. Based on the 
calculated p-values and assuming a confidence level of 95%, the hypothesis that the replicate
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reactors had the same mean phosphorus removal (i.e. mean performance Al = mean 
performance A2 and mean performance Pl= mean performance P2) cannot be rejected. This 
ensures at a 95% confidence level that the replicate reactors had the same performance. In 
contrast, the p-values calculated for the cross comparisons of the reactors, at a 95% 
confidence level, favor of the alternative hypothesis that their phosphorus removal 
performances are different.
Table 4.6 - Two sample standard t-test comparing the phosphate removals in reactors in the 
first Al, A2, PI, and P2.
Reactors 95% Cl (pi-Hz) p-value
Al and A2 -0.199 -  0.055 0.2600
PI andP2 -0.374 -  0.105 0.2600
A land PI -0.745 -  -0.381 0.0000
Al andP2 -0.650 -  -0.206 0.0000
A2 and PI -0.790 -  -0.479 0.0000
A2 andP2 -0.701 -  -0.300 0.0004
p-value -  minimum significance level to reject the hypothesis that the mean P removals observed in the 
reactors were the same
Based on results of the t-test and ANOVA, it can be concluded that there was a 
significant difference, at 95% confidence level, between the performances of the systems fed 
with acetate and propionate. However, the replicates presented the same mean % P-removal 
performance at 95% confidence level, and can be statistically treated as one.
4.4.2 Overall Phosphorus Removal Performance 
Figure 4.24 illustrates the overall phosphorus removal performance of the reactors 
investigated in this study. Since reactors A1-A2 and P1-P2 had, statistically, the same 
performance, for this analysis, they were combined and named reactor A and P, respectively.
107
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Negative value indicates that the system failed and excess phosphate remained in the 
reactors.
« 40%
I
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- 20%
-60%
week
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Figure 4.24 - Percent phosphorus removal observed in reactors A, P, AP, B, V, and G.
In general, reactors B and V presented the best performance until week 5. After that the 
performance of B and V decreased showing clear signs of failure in the seventh week. 
Reactor A had increasing performance in the first four weeks and show slightly stable 
conditions after that. Reactor P showed very poor removal and failing in the first four weeks, 
then it presented signs of recovery and its performance improved until the seventh week. 
Reactor AP presented an increase in performance from week one to four. Next, AP had a 
very stable performance until the end of the run. The reactor G had the worst performance 
from the group which included consistent EBPR failure from weeks 2 to 6.
Figure 4.25 shows the box diagram for the % P-removal in all the reactors illustrating the 
characteristics of the data distribution. The box diagram shows that reactors P and V had the 
largest variation in performance and also had the lowest performance of the group.
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Reactors
The whiskers shows the lower and upper limit o f the data set, the box shows the first 25* percentile 
(bottom line), 75* percentile (top line), and the median (intermediate line). The dot represents the 
means and the asterisk outliers (observations that are far from the rest o f  tiie data).
Figure 4.25 - Box diagram showing the characteristics of the % P-removal distribution 
in reactors A, P, AP, B, V, and G.
The reactors were grouped based the Euclidian, Ed, (Legendre and Legendre, 1983)
distance of their phosphorus removal performance along the runs {E^= (xf -  yf ) ,  x and
Ml
y -  phosphorus removal performance in the reactors, i - week). The dendogram presented in 
Figure 4.26, shows the similarity (S) among the reactors illustrating how alike the reactors 
are in terms of phosphate removal along the runs. The closer S is to 100 the more similar the 
reactors are. Reactors that performed similarly were clustered together in separate groups. 
The reactors that presented highest similarity in terms of performance along the run were A 
and AP (S = 89.18) followed by B and V (S = 82.55). These two groups were similar to each 
other (S = 74.42) and formed a new cluster. However, this new group was different (S = 
48.71) from the remaining reactors (P and G), which were separated in a distinct cluster.
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Despite being in the same group, reactors P and G (S = 50.03) were not as close to each other 
as the other reactors were.
Smiaity
48.71
œ.8i
100.00
1 3 4  5
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1 -A 2 -P 3-A P 4 -B 5 -V 6 - G
Figure 4.26 - Clustering analyses of EBPR reactors according to their phosphorus 
removal performance.
One-way analysis of variance confirmed the results found in the clustering analysis. The 
hypothesis that the mean phosphorus removals in all reactors were equal was investigated. 
The F (13.45) and P (0.0000) values determined do not support this null hypothesis. These 
results show that there was at least one reactor that presented mean phosphorus removal 
different from the others.
Based on the clustering analysis, the reactors were paired and compared using a two 
sample t-test. The null hypothesis that the mean P-removal of each pair is equal was tested. 
The results are summarized in Table 4.7.
The p-values found for in the t-test confirm that the mean phosphate removal in reactors 
A-AP and B-V are similar at a 95% confidence interval. In contrast, the mean phosphate
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removals observed in reactors P and G cannot be considered equal at a 95% confidence level. 
These observations confirm the results found in the clustering analysis.
Table 4.7 - Two sample standard - t  test comparing reactors A-AP, B-V, and G-P.
Reactors 95%CI(p ,-P2) p-value
A and AP -18.7 -  14.4 0.7800
BandV -50.0 -  30.0 0.5900
P and G 11.0 -  85.0 0.0140
p-valuc -  minimum significance level to reject the hypothesis that the mean P removals 
observed in the reactors were the same
Cross comparison between reactors that belong to different groups in the clustering 
analysis is presented in Table 4.8.
Table 4.8 - Two sample standard-t test comparing all reactors investigated.
Reactors 95%CI(p i -P2) p-value
A andB -29.8 - 43 0.7000
Aand V -26.1 - 19.1 0.7400
A and G 71.3 - 129.0 0.0000
AandP 23.9 - 79 0.0016
AP andB -28.3 - 46.0 0.6200
AP and V -24.9 - 9.1 0.9000
AP andP 25.3 - 82 0.0014
AP and G 72.6 - 132 0.0000
B and P 2.0 88 0.0430
B and G 49.0 - 137.0 0.0006
V andP 22.8 - 87.0 0.0030
V and G 70.2 - 137.0 0.0000
p-value -  minimum significance level to reject the hypothesis that the mean 
P removals observed in the reactors were the same
The p-values found in this comparison of the reactors also confirm the results of the 
cluster analysis. Reactors A, AP, V, and B had similar mean phosphorus removal
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performances at confidence level of 95% (p-values > 0.05). However, the mean phosphorus 
removal performance of these reactors cannot be considered equal to the ones observed in 
reactors P and G at a 95% confidence level (p-values < 0.05).
4.5 Summary and Discussion
In this Chapter, the chemical performance of EBPR reactors fed with different types of 
carbon sources was investigated. The reactors presented phosphate release in the anaerobic 
phase and phosphate uptake in the aerobic phase demonstrating that the microbial community 
present in the reactors was performing EBPR. The major results of the chemical 
performance are summarized in Table 4.9.
Carbon was taken up within the first hour of the anaerobic phase in all the reactors, 
except for the reactors fed with butyrate and valerate where the uptake lasted about 3 hours. 
In all the reactors, as carbon was taken up phosphorus was released from the cells. At the 
end of the run, the release observed in the reactors fed with acetate and propionate was 
higher than the release observed in the reactors fed with butyrate, valerate, and glucose. 
Glucose promoted the lowest phosphate release observed in all the reactors. Bach tests 
reported in the literature had also shown that VF As, mainly acetate and propionate, promote 
more phosphate release than glucose (Gerber et al. 1986, Liu et. al. 1996).
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Table 4.9 - Main EBPR parameters observed in SBR reactors analyzed in this study.
u>
Carbon up take P-Release PHA formed/Carbon m g P/ mg SS Glycogen/Carbon P-Removal
%PHB %PHV
(mol C/g VSS min) (mol P/mol C) (C mol/CmoI) (%) (C mol/Cmol) (%)
A1
0.0354
(0.0142-0.0354)’
0.62 
(0.03 - 0.63)
0.76
(0 .7 6 -1 .6 2 )
9.3 
(4 - 12)
0.11
(0 .1 1 -0 .2 4 )
98 
(21 -9 8 )
80 18
A2
0.0342
(0.0144-0.0342)
0.61 
(0.03 - 0.61)
0.74
(0 .7 4 -1 .4 6 )
9
( 4 - 1 0 )
0.59 
(0.04 - 0.59)
99 
(63 - 99)
80 14
PI
0.0325
(0.0076-0.0325)
0.83 
(0.04 - 0.83)
0.16
(0 .0 0 -0 .3 4 )
11.2
( 2 - 1 1 )
0.22 
(0.15 - 0.22)
60 
(-21 - 70)
14 89
P2
0.0320
(0.0070-0.0320)
0.69  
(0.03 - 0.69)
0.13 
(0.02 - 0.23)
10
( 2 - 1 0 )
0.36 
(0.26 - 0.36)
75
(-21 - 95)
15 88
AP
0.0870
(0.0791-0.0997)
0.12
(0 .0 5 -0 .1 7 )
0.61 
(0 .5 7 -  1.85)
7
( 4 - 1 1 )
0.26
(0 .1 6 -0 .5 8 )
97 
(34 - 98)
27 74
B
0.0140
(0.0132-0.0160)
0.21
(0 .1 3 -0 .4 1 )
0.37
(0 .1 5 -0 .4 5 )
5.8
( 4 - 1 3 )
0.61 
(0.21 - 0.61)
-24  
(-24 - 99)
81 17
V
0.0158
(0.0126-0.0185)
0.3
(0 .1 4 -0 .3 0 )
0.22
(0 .0 8 -0 .3 1 )
6.1
( 4 - 1 2 ) (0.28 - 0.68)
-21
( - 2 1 - 9 9 )
6 97
G
0.0429
(0.0388-0.0458)
0.05
(0 .0 3 6 -0 .0 9 )
0.04
(0 .0 0 -0 .1 2 )
8.1
( 2 - 8 )
0.51
(0.26-0.55)
63
( - 8 1 - 6 3 )
31 71
* Values in parenthesis indicate the minimum and maximum observations. Values outside parenthesis show the parameters observed in the last day o f  each run.
Different phosphorus removal efficiencies were observed for the various carbon sources 
tested. Acetate and acetate-propionate mixture promoted, after steady state, the most stable 
phosphorus removal performance from all the carbon sources tested. Both acetate and 
acetate-propionate mixture resulted in phosphate removals as high as 99% at the end of the 
run. Butyrate and valerate promoted excellent phosphorus removal until the last week of the 
run, when the systems failed. The failure of the reactors fed with butyrate and valerate 
cannot be explained from the data obtained. Reports of systems fed with butyrate and 
valerate are rare and systems similar to the ones investigated in this study were not found in 
the literature. It is expected that the microbiological analysis of these reactors will bring 
insights into the explanation of this failure. Since the failure happened in the last week of the 
run, it is difficult to predict if it was a temporary condition or a complete loss of EBPR 
performance. If the reactors were operated for a longer period of time more information 
could have been acquired regarding their failure. Unfortunately, the time and available 
funding did not allow for longer runs. Propionate resulted in poor EBPR efficiencies during 
almost the whole run. This behavior agrees with Randall et al. (1993, 1997a) observation of 
poor EBPR using propionate. However, more recent studies (Randall and Liu 2002, Chen et. 
al. 2004) have shown that, in the long run, propionate may lead to performances even better 
than acetate. In this study, the performance of the reactors fed with propionate improved 
after the fifth week and presented a 75% phosphate removal in the end of the run. In the last 
week of the run, propionate resulted in the highest phosphate release from all the reactors 
investigated; however this release did not correspond to higher uptake. It is possible that if a 
longer run was executed, better results would be observed in the propionate reactors. In
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general, VF As lead to better system performance than glucose, which agrees with the results 
observed by Randall et al. (1997a). However, several authors had reported good EBPR 
performances with reactors fed with glucose both as sole or combined substrate (Carucci et 
al. 1994, Jun and Shin 1997, Jeon and Park 2000, Jeon et al 2001). In this study, there was a 
clear indication that the performance of the reactor fed with glucose improved in the last two 
weeks reaching 63% phosphate removal in the last sampling day. As observed for 
propionate, a longer run could have brought more insights into the performance of the reactor 
fed with glucose.
The formation of PHA was h i^ ly  affected by the type of carbon source fed to the 
system. At the end of seven weeks, acetate and acetate-propionate mix generated the highest 
amount of PHA per carbon taken up, whereas glucose generated the lowest. Propionate 
produced a lower amount of PHA compared with the other VF As. However, the PHA 
measured in the propionate reactors may be underestimated, since 3-hydroxymethylvalerate 
(3H2MV), which can account for as much as 50% of the total PHA (Satoh et al. 1992, 
Matsuo et al. 1992, Satoh et al 1996), was not measured in this study.
It has been reported that PHA formed from acetate has more PHB than PHV, and PHA 
produced from propionate have more PHV than PHB (Satoh et al. 1992, Lemos et al. 1998, 
Liu et al. 1996). Valerate and glucose produce more PHV than PHB (Liu et al. 1996) and 
butyrate tend to produce similar amounts of PHB and PHV (Lemos et al. 1998, Liu et al. 
1996). In this study, the composition of PHAs generated from acetate, propionate, valerate 
and glucose agree with the compositions reported in the literature for the respective carbon 
sources. Butyrate generated significantly more PHB than PHV and was the only VFA that 
produced PHA with compositions different from previous EBPR studies. However, it has
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been shown, in pure culture studies, that bacteria may accumulate more PHB than PHV when 
fed with butyrate (Byrom 1994).
The results of the glycogen measurements were greatly affected by the analytical method 
utilized. It was concluded that the method first used to measure glycogen was not successful 
and the glycogen data obtained for the first run cannot be used for in-depth analysis of the 
system. However, trends of glycogen consumption in the anaerobic phase could be identified 
in the profiles. For the second run, carbohydrate was measured instead of glycogen. It could 
be observed that the carbohydrate levels of the glucose reactor were higher than the 
carbohydrate levels observed in the other reactors. This result may indicate that the 
microbial community of the reactor fed with glucose was, potentially, accumulating higher 
amount of glycogen than the populations of the reactors fed with VF As. This fact combined 
with the poor performance of the glucose reactor may be an indication that GAOs might have 
been predominant in the glucose reactor.
Relationships between the chemical performance and the microbiological performance 
will be subject of the following chapter.
116
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5
FISH INVESTIGATIONS OF THE MICROBIAL COMMUNITY IN EBPR 
REACTORS FED WITH DIFFERENT CARBON SOURCES 
The hypothesis that different types of VFA select for distinct types of bacteria within 
the EBPR microbial population, affecting the competition between PAOs and GAOs, was 
investigated using FISH. Sequencing Batch Reactors (SBRs), seeded with sludge from 
Clark County Water Reclamation District (CCWRD), were operated under different 
carbon sources for two seven-week runs.
In the FISH investigation, sludge samples hybridized with specific molecular probes 
were observed under a confocal laser microscope. The microorganisms of interest were 
labeled with a combination of labeled molecular probes allowing their identification. 
Candidatus accumulibacter phosphatis (PAOMDC probes - RHC439, PA0462b, 
PA0651, PA0846b) and Candidatus compitibacter phosphatis (GAOMIX probes - 
GA0431, GA0989) were targeted. A probe targeting Acinetobacter ssp. (ACA) was also 
used; however no fluorescent signal was obtained from this hybridization. For this 
reason, Acinetobacter has been excluded from this analysis. The whole microbial 
population was targeted using a universal probe (EUB338). Digital images were 
generated from confocal laser scanning showing the areas within the microbial 
community which correspond to the targeted bacteria. The areas of the images occupied 
by each species and by the whole bacterial community were calculated using the digital
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imaging processing software ImageJ (National Institutes of Health, USA, 
http://rsb.info.nih.gov/ij/).
Percent relative abundance of targeted bacteria (%RA) was defined as the ratio of the 
area occupied by the targeted bacteria and the area occupied by the EUB binding 
bacteria, which is considered to be the representative of the whole bacterial community. 
For each species, ten images per sample were generated and the mean %RA was 
determined. %RA represents an indirect measurement of abundance allowing the 
comparison of the reactors investigated. Along this chapter, Candidatus accumulibacter 
phosphatis and Candidatus compitibacter phosphatis will be referred to as CA-PAOs and 
CC-GAOs, respectively.
Three types of analysis were performed in order to evaluate the research hypothesis:
a) Analysis of the the CA-PAO and CC-GAO communities present in the seed 
(i.e. Clark County Water Reclamation Facility Basin #2).
b) Intra-reactors analysis includes the identification of changes in the CA-PAO 
and CC-GAO communities occurring along the run in each reactor.
c) Inter-reactor analysis comprises the comparison of the CA-PAO and CC-GAO 
communities present in all the reactors at the end of the run. In this analysis, 
it is assumed that seven weeks was enough time to bring the system to steady 
state conditions.
The analysis of the CA-PAO and CC-GAO communities in the seed source (i.e. seed 
1 and seed 2) is presented in Appendix C along with the phosphate removal performance 
observed in the plant during the research period. Following, the intra and inter reactors 
analysis is presented according to the carbon sources used in each reactor.
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5.1- FISH Analysis of SBR Reactors Fed with Acetate and Propionate as 
Sole Carbon Source (Al, A2, PI, and P2)
5.1.1 - Relative abundance of CA-PAOs in reactors Al, A2, PI and P2 
Figures 5.1-5.3 show the variation of the mean %RA of CA-PAOs during the first run 
in the reactors fed with acetate (Al and A2) and propionate (PI and P2).
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Figure 5.1 -  Mean relative abundance of CA-PAOs in reactors Al, A2, PI, and P2.
In reactors Al and A2, the %RA of CA-PAOs increased from 3% (day 1- seed 1) to 
more than 80% (day 58), indicating a clear increase in the targeted PAO population 
during the run. In the propionate reactors, the %RA of CA-PAOs also increased along 
the seven weeks changing from 3% to more than 60%. In reactors Al and A2, from day 
1 to day 21, the %RA of CA-PAOs increased at a rate of 2.5% and 1.8% per day, 
respectively. After that, the %RA of CA-PAOs increased slowly at linear rates of 0.6% 
and 1.2% per day for reactors Al and A2, respectively. This shows that in the acetate
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reactors the targeted PAO population increased fast in the beginning of the run and 
stabilized at the end of run. In the propionate reactors, a different pattern was observed. 
At the beginning of the run, the %RA of CA-PAOs slowly increased at linear rates of 
0.24 and 0.4 %/day in rectors PI and P2, respectively. There was clearly a lag time in the 
increase of CA-PAOs in reactors PI and P2 compared to reactors Al and A2. This lag 
time was particularly longer in reactor PI. After the lag period, the %RA of CA-PAOs 
increased fast in both reactors PI and P2 at linear rates of 1.7 and 1.3%/day, respectively.
Most published EBPR studies that used FISH focused on identifying and quantifying 
PAOs within the EBPR population rather than monitoring microbial population changes 
with time. Liu et al. (2001) reported Candidatus accumulibacter phosphates in a 
continuous EBPR system corresponding to 35.2% of the EUB hybridized cells. Studies 
on full scale EBPR systems have shown reported as much as 18% of the bacterial 
community as Candidatus accumulibacter phosphates (Zilles et al. 2002a, 2002b). 
Levantesi et al. (2002) observed that Candidatus accumulibacter phosphatis constituted 
53% of the EUB binding cells in a SBR reactor fed with mixed acetate, propionate, and 
butyrate. Recently, Pijuan et al. (2003) used an approach similar to the one adopted in 
this study to evaluate the abundance of Candidatus accumulibacter phosphatis in SBR 
reactors fed with propionate as sole carbon source. They observed an increase from 7% 
to 54% in the abundance of this PAO in their reactor. The results found by Pijuan et al. 
(2003) are similar to what was found in this research for the propionate reactors, except 
that in this research a slower increase in the targeted PAO population was observed.
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Figure 5.2 -  Confocal laser scanning images 400x magnification -  reactors Al and A2 
Probes PAOMIX (light gray) and EUB338 (dark gray).
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Figure 5.3 -  Confocal Laser scanning images 400x magnification -  reactors PI and P2 
Probes PAOMIX (light gray) and EUB338 (dark gray).
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The amount of CA-PAOs observed in the end of the run in all the reactors was very 
high. The results show that at the end of the run the targeted PAOs dominated the 
bacterial community in all the reactors (%RA > 50 at 95% confidence level p-values 
0.0000 to 0.0010), except for reactor PI (p-value 0.23).
In order to identify if the VF As used caused different impacts on the targeted PAO 
population, the %RA of CA-PAO calculated at the end of the run were compared. Figure
5.4 presents a box diagram illustrating the distribution of %RA of CA-PAOs determined 
at the end of the run. The box diagram confirms the high %RA of CA-PAOs in all the 
reactors. Table 5.1 show the results of a two-sample t-test comparing the %RA of CA- 
PAOs observed in the reactors at the end of the run. The null hypothesis that the mean 
%RA of CA-PAOs in the reactors was the same was evaluated.
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The whiskers show the lower and upper limit o f the data set, the box shows the first 25* percentile 
(bottom line), 75* percentile (top line), and the median (intermediate line). The dot represents the 
means and the asterisk outliers (observations that are far from the rest o f  the data).
Figure 5.4 -  Box diagram illustrating the %RA of CA-PAOs calculated at the end of the 
run for reactors A l, A2, PI, and P2.
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Table 5.1 - Two-sample t-test comparing the %RA of CA-PAOs observed in the reactors 
fed with acetate and propionate.
Reactors 95%CI(p ,-P2) p-value
Al and A2 (-14.6, -2.2) 0.0110
PI andP2 (-23.9,6.8) 0.2500
Aland PI (9.1, 39) 0.0050
Al and P2 (7.5,23.5) 0.0009
A2 and PI (17.5,47.4) 0.0004
A2 andP2 (15.9, 31.8) 0.0000
p-value -  minimum significance level to reject the null hypothesis the mean %Ra o f CA- 
PAOs is file same
The results show that at 95% confidence level the only pair of reactors that presented 
similar amount of CA-PAOs was PI and P2 (p-value 0.25). This observation confirms 
that the PAO selections in reactor fed with acetate and propionate were different at the 
end of the run. It is expected that, in the long run, the amounts of CA-PAOs in all the 
reactors would be similar.
Despite the differences in the targeted PAO populations along the run, the same PAO 
species was selected in all the reactors with increasing %RA. At the end of the run both 
acetate and propionate reactors were dominated by the targeted PAO. The results 
obtained refute the proposed hypothesis for acetate and propionate as carbon sources.
5.1.2 - Relative Abundance of CC-GAOs in the 
Reactors A l, A2, PI, and P2 
The relative abundance of CC-GAOs decreased in all the reactors along the run 
(Figures 5.5, 5.6, and 5.7). In general, in the first days of operation the %RA slightly 
increased from 27% to about 30 to 35%. After that, the %RA of CC-GAOs decreased 
from about 30% to less than 5% in all reactors, except in reactor Al. In reactor Al, the
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amount of CC-GAOs increased up to day 11 reaching about 45% before starting to 
decrease. The overall linear rates of decrease in the %RA of CC-GAOs were very similar 
varying from 0.49 to 0.59% per day.
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Figure 5.5 -  Average relative abundance of CC-GAO in the acetate and 
propionate reactors during the first run.
Few authors have reported abundance of Candidatus compitibacter phosphatis in 
EBPR systems. In this investigation, the targeted GAO species was observed in higher 
amounts (3 to 30%) than in other studies. Pijuan et al. (2003) reported a decrease in the 
amount of Candidatus compitibacter phosphates, from 2% to less than 1%, in SBR 
reactors fed with propionate as sole carbon source. Levantesi et al. (2002) observed that 
Candidatus compitibacter phosphatis represented 13% of the EUB binding cells in a SBR 
reactor fed with a mixture of acetate, propionate, and butyrate. In this study, a high 
amount of CC-GAOs (%RA = 25%) was identified in the seed source. This may explain 
why such high amounts of CC-GAOs were observed in the SBRs.
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Figure 5.6 -  Confocal laser scanning images 400x magnification -  reactors Al and A2 
Probes GAOMIX (light gray) and EUB338 (dark gray).
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Figure 5.7 -  Confocal Laser scanning images 400x magnification -  reactors PI and P2 
Probes GAOMIX (light gray) and EUB338 (dark gray).
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Low amount of CC-GAOs were present in all the reactors at the end of the run. The 
%RA of CC-GAOs in all reactors was not higher than 5% at a confidence level of 95% 
(p-values 0.91 -  1.0). This shows that CC-GAOs could not compete with CA-PAOs 
when the system was fed with either acetate or propionate.
Figure 5.8 presents the box diagram illustrating the distribution of %RA of CC-GAOs 
determined at the end of the run. The two-sample t-test comparing the %RA of CA- 
PAOs observed at the end of the run is presented in Table 5.2. The null hypothesis that 
the mean %RA of CC-GAOs in the reactors was the same was tested.
10 —
5 -
0 -
Reactor
The whiskers show the lower and upper limit o f the data set, the box shows the first 25* percentile 
(bottom line), 75* percentile (top line), and the median (intermediate line). The dot represents the 
means and the asterisk outliers (observations that are far fi-om the rest o f  the data).
Figure 5.8 -  Box diagram illustrating the %RA of CC-GAOs calculated at the end of 
the run for reactors A l, A2, PI, and P2.
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Table 5.2 - Two-sample t-test comparing the %RA of CA-PAOs observed in 
the reactors fed with acetate and propionate.
Reactors 95% CI(p,-P2) p-value
Al and A2 (-1.96,1.31) 0.68
PI andP2 (-3.9, 3.30) 0.86
A land PI (-3.96,2.00) 0.48
A land P2 (-3.85, 1.30) 0.28
A2 and PI (-3.80,1.80) 0.65
A2 andP2 (-3.72,1.80) 0.46
p-value -  minimum significance level to reject the hypothesis the mean %RA of
CC-GAOs is the same
The null hypothesis that the amount of CC-GAOs present in the reactors was the 
same was not rejected at the 95% confidence level for all of the reactors tested. This 
indicates that both acetate and propionate promoted the same effect in the targeted GAO 
population in all reactors. This finding refutes the formulated hypothesis when acetate 
and propionate are considered as carbon sources. Along the run, there was a clear 
decrease in the targeted GAO population with a concomitant increase in the targeted 
PAO population. This shows clearly that the CC-GAOs could not compete effectively 
with the CA-PAOs in the reactors fed solely acetate and propionate. Similar results were 
found by Pijuan et al. (2003) for rectors fed with propionate as sole carbon source.
5.1.3 - Abundance of CA-PAOs and CC-GAOs and Phosphorus 
Removal Performance 
Figure 5.9 illustrate the correlation between the %RA of CA-PAOs and CC-GAOs 
present in the reactors fed with acetate and propionate and the phosphorus removal 
performance of the systems.
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Figure 5.9 -  CA-PAOs and CC-GAOs present in the reactors fed with acetate and 
propionate along the run and respective system performances.
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The results show that, as the %RA of CA-PAO increased and the %RA of CC-GAO 
decreased the performance of the reactors increased. The %RA of CA-PAOs along the 
run presented a good linear correlation (R  ^ from 0.82 to 0.92) with the phosphorus 
removal performance observed in reactors A1-A2 and P1-P2. The %RA of CC-GAOs in 
reactors Al and A2 also correlated linearly (R  ^ 0.86 and 0.99) with the phosphorus 
removal performance along the run. The same correlation was not observed in reactors 
PI and P2, which presented R  ^values of 0.16 and 0.74, respectively. The ratio between 
%RA of CA-PAO and %RA of CC-GAO presented a good log type correlation with the 
system performance (Al, A2 - R  ^0.96 and 0.95 and PI, P2 - Al, A2 - R  ^0.65 and 0.85). 
The higher correlation observed for reactors Al and A2 indicate that both CA-PAO and 
CC-GAO had major influence in the system's performance. In general, the increase of 
the targeted PAO population corresponded to a decrease of the targeted GAO population 
correlating well with system performance. The results clearly show that the CA-PAOs 
had an important role in the EPBR in these reactors.
5.2 - FISH Analysis of SBR Reactor AP Fed with Acetate and 
Propionate as Mixed Carbon Source 
Figures 5.10 and 5.11 show the variation of the %RA of CA-PAOs and CC-GAOs 
along the run in the reactor fed with mixed acetate and propionate. For this reactor the 
seed (i.e. seed 2) used presented 8% of CA-PAO and 25% CC-GAO (Appendix C). The 
patterns observed in this reactor are different from the ones observed in the reactors fed 
with acetate and propionate as sole carbon sources. In this case, %RA of CA-PAOs 
increased just after 19 days of operation changing from less than 5% in day 19 to more 
than 50% in day 32. The linear rate of %RA increase observed between days 19 and 32
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(4 %/day) was about two times larger the increase rate observed in reactors A1-A2 and 
P1-P2. After day 32, the %RA stabilized between 50 and 60%. Except for the first four 
days, the %RA of CC-GAOs decreased constantly along the run at a rate of 0.29% a day, 
which is about half of the decrease rate observed in the reactors fed with acetate and 
propionate as sole carbon sources.
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Figure 5.10 - Average relative abundance of CA-PAO and CC-GAO in reactor 
AP.
The increase in the targeted PAOs population in the reactor fed with the acetate- 
propionate mixture corresponded to an increase in system performance (Figure 5.12). 
However, the correlation between %RA of CA-PAO and % P removal (R  ^= 0.62) was 
not as good as those observed for reactors A1-A2 and P1-P2 (R  ^ from 0.82 to 0.92). In 
contrast, the correlation between %RA of CC-GAO and %P removal showed excellent 
linearity (R  ^= 0.93). No correlation was observed between the ratio %RA of CA- 
PAO/%RA of CC-GAO and phosphate removal performance. The fact that just %RA of 
CC-GAO correlated with performance may indicate that, in this reactor, the decrease of 
CC-GAOs potentially had more influence in the system performance than the increase of 
CA-PAOs itself.
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Confocal Laser scanning images 400x magnification -  reactors AP 
Probes GAOMIX and PAOMIX (light gray) and EUB338 (dark gray).
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Figure 5.12 -  CA-PAOs and CC-GAOs present in the reactor AP along 
the run and respective system performances.
5.3 - FISH Analysis of SBR Reactors Fed with Butyrate (B) and Valerate (V)
The abundance of CA-PAOs and CC-GAOs observed in reactors B and V during the 
run is presented in Figures 5.13-5.15. In reactors B and V, the variation of the targeted 
PAOs and GAOs communities with time (Figure 5.13) was very similar. From day 1 to 
day 19 the %RA of CA-PAO did not increase. Next, from day 19 to day 32 the %RA of 
CA-PAO increased fast (4%/day) from less than 20% to as much as 70%. In the first 
month of operation, the amount of CA-PAOs in reactors B and V presented patterns 
similar to the ones observed in reactor AP (Figure 5.10). However, after that, the amount 
of CA-PAOs in reactors B and V decreased linearly (2.3% and 2.5%/ day) until the end 
of the run. Interestingly, EBPR failure was observed in the end of the run in both 
reactors. The trends in targeted PAO community show clearly that this failure is 
potentially related to the decrease of PAOs in the system.
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The amount CC-GAOs in reactors B and V decreased along the whole run at linear 
rates of 0.6 and 0.4%/day, respectively. The rate of decrease of CC-GAOs observed in 
these reactors was higher than that one observed for reactors AP (0.29 %/day) and was 
similar to the ones observed in reactors A1-A2 and P1-P2 (0.49-0.59 %/day).
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Figure 5.13 -  Average relative abundance of CA-PAOs and CC-GAOs in 
reactors B and V.
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Figure 5.14 -  Confocal Laser scanning images 400x magnification -  reactors B and V 
Probes PAOMIX (light gray) and EUB338 (dark gray).
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Figure 5.15 -  Confocal Laser scanning images 400x magnification -  reactors B and V 
Probes GAOMIX (light gray) and EUB338 (dark gray).
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Figure 5.16 shows the variations of %RA of CA-PAOs and GAOs and system 
performance with time observed in reactors B and V. The changes in both PAO and 
GAO targeted communities did not correlate well with the system performance observed 
in the reactors (R  ^ from 0.03 to 0.30). It is clear that at the end of the run the system 
failure corresponds to a decrease in the amount of CA-PAOs in the system. If a 
competitive relationship between CA-PAOs and CC-GAOs existed, the amount of CC- 
GAOs would increase at the end of the run. Any major increase in the amount CC-GAOs 
at the end of the run was observed. This indicates that the system failure and the decrease 
in CA-PAO abundance were potentially not related to competition between the PAO and 
GAO species investigated. The system failure may be related to decrease in the targeted 
PAO community at the end of the run. However, there is no explanation for the sudden 
decrease of this population, since a correspondent increase in the CC-GAOs was not 
observed. It is possible that species not targeted in this study were competing with the 
CA-PAOs dominating the system at the end of die run. Interestingly, the performance of 
reactors B and V experienced very high phosphorus removal efficiencies (i.e. more than 
80% P removal) at the beginning of the run despite the low %RA of CA-PAOs in the 
system (< 20%). This observation may be an indication that PAOs, other than the 
targeted species of this research, were present in the system and were responsible for 
performing EBPR.
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Figure 5.16 -  CA-PAOs and CC-GAOs present in the reactors B and V along the 
run and respective system performances.
5.4 - FISH analysis of SBR reactor fed with glucose (G)
The variation of the %RA observed in the reactor fed with glucose is presented in 
Figures 5.17 and 5.18. The amount of CA-PAOs observed in reactor G was very small 
and after 20 days CA-PAOs were not detected in this system. The amount of CC-GAOs 
decreased along the run at a rate of 0.4%/day which is very similar to the rates observed 
in reactors A l-Pl, A2-P2, B and V. No correlation was observed in this reactor between 
performance and abundance of CA-PAOs and CC-GAOs (Figure 5.19). The increase in
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performance observed in this reactor in the last month of operation is not related to an 
increase of the targeted PAO community. It is possible that other PAOs might have been 
present in this reactor affecting the performance along the run. The results show very 
well that the PAO species investigated cannot survive with glucose feeding.
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Figure 5.17 -  Relative abundance of CA-PAOs and CC-GAOs observed in 
reactor G.
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Figure 5.18 -  Confocal Laser scanning images 400x magnification -  reactors G -  Probes 
GAOMIX and PAOMIX (light gray) and EUB338 (dark gray).
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Figure 5.19 -  CA-PAOs and CC-GAOs present in the reactor G along the 
run and respective system performances.
5.5 - Comparison of the Targeted PAO and GAO Populations 
in all Reactors Tested 
For comparison purposes, the replicate reactors A1-A2 and P1-P2 were combined and 
named A and P, which correspond to the average between the replicates. The reactors 
were paired and their %RA of CA-PAOs and CC-GAOs, observed in the last day of each 
run, were compared using a two sample t-test. Figure 5.20 shows the box diagram 
illustrating the % RAO of CA-PAOs observed in the last day operation. In general, 
reactors fed with acetate, propionate, and acetate-propionate mixture presented higher 
amounts of CA-PAOs than reactors fed with butyrate, valerate and glucose.
For reactor AP, five digital images instead of 10 were generated in the last day of 
operation. This difference could change the results of the statistical analysis. For this 
reason the data observed in the week before the end of the run was used for the t-test. 
There was no significant difference, at 95% confidence, between the targeted PAO 
population in the last week of run in reactor AP (p-value 0.62).
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Figure 5.20 - Box diagram illustrating the %RA of CA-PAOs calculate at the end of the 
run for reactors A, P, AP, B, V, and G.
The results of the two sample t-test comparing the %RA observed in the reactors in 
the last sampling day are represented in Table 5.3. Reactor G was excluded from the 
analysis, since CA-PAOs were not observed in this reactor in the last day of the run.
Table 5.3 -  Two-sample standard t-test comparing the reactors A, AP, B, V, G, and P.
Reactors 95% Cl (p , - p2) p-value
A  andP (14.3, 33.6) 0.0002
A  and AP (6.2, 39.5) 0.0130
A  and B (74.2, 85.7) 0.0000
A  and V (44.4, 88.1) 0.0001
P and AP (-1 8 .8 ,1 6 .7 ) 0.9000
P an d B (45.7, 66.2) 0.0000
P and V (19.6, 65.0) 0.0016
A P an d B (40.2, 73.9) 0.0000
A P and V (18.2, 68.6) 0.0022
B a n d  V (-35.6, 8.2) 0.1900
p-value -  minimum significance level to reject the hypothesis the mean %RA 
o f CA-PAOs were the same
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The results show that, at the end of the run just two pairs of reactors presented the 
same amount of CA-PAOs (P and AP, p-value 0.9; and B and V p-value 0.19 - at 95% 
confidence level). This shows that the acetate-propionate mix and propionate feeds had 
similar effects on the selection of targeted PAOs in the system. Furthermore, the results 
indicate that butyrate and valerate presented the same selective effects on the targeted 
PAO population.
Figure 5.21 shows the data distribution of the %RA of CC-GAOs observed in reactors 
at the end of the run. The reactors that presented the larger amount of CC-GAOs at the 
end of the run were AP, V and G.
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Figure 5.21 - Box diagram illustrating the %RA of CC-GAOs calculated at the end of 
the run for reactors A, P, AP, B, V, and G.
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Table 5.4 shows the results of the two sample t-test performed with the %RA of CC- 
GAOs observed in the reactors in the final day of operation. The null hypothesis that the 
reactors had the same mean %RA of CC-GAOs was tested.
Table 5.4 -  Two-sample standard t-test comparing reactors A, AP, B, V, G, and P.
Reactors 95% Cl (Pi-pz) p-value
A andP (-2.86,0.90) 0.2800
Aand AP (-26.33, -3.8) 0.0140
A andB (-4.12,2.2) 0.5000
A and V (-18.28,-2.8) 0.013
A and G (-14.46, -6.0) 0.0003
P and AP (-25.44, -2.7) 0.0210
P andB (-3.30, 3.3) 1.0000
P and V (-17.42,-1.7) 0.0220
P and G (-13.64, -4.9) 0.0007
AP andB (2.6,25.5) 0.0210
AP and V (-8.3,17.3) 0.4600
AP and G (-6.8,16.5) 0.3800
B and V (-17.6,-1.6) 0.0230
B and G (-14.1,-4.4) 0.0009
V and G (-8.0, 8.6) 0.94
p-value -  minimum significance level to reject the null hypothesis the 
mean %RA o f CC-GAOs were the same
The results show that several reactors presented similar amounts of CC-GAOs at the 
end of the run. Based on these results, the reactors can be separated into two groups: A- 
P, A-B, P-B and AP-V, AP-G, V-G. The comparison of the reactors in the same group 
presented p-values greater than 0.05, which indicates that at 95% confidence level the 
mean %RA of CC-GAOs can be considered the same. However, the p-values of the
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comparisons between reactors of groups one and two were small showing that the groups 
have distinct amounts of GAOs.
In general, the results show that different VF As do have different impacts on the 
selection of the targeted PAOs and GAOs. It was observed that, in the long run, acetate 
and propionate had die same effect on the selection of the targeted PAOs and GAOs. 
However, butyrate and valerate did not select for the targeted PAOs in the long run. This 
observation supports the research hypothesis. However, further investigation using 
butyrate and valerate as carbon source are needed to fully prove the research hypothesis.
5.6 - Summary and Discussion 
In this Chapter, the change in the CA-PAO {Candidatus accumulibacter phosphatis) 
and CC-GAO (Candidatus compitibacter phosphatis) populations in SBR EBPR reactors 
fed with different types of carbon source was investigated. The hypothesis that different 
types of VF A select for distinct types of bacteria within the EBPR microbial population, 
affecting the competition between PAOs and GAOs was evaluated. The amount of 
specific PAOs and GAOs present in the SBR EBPR systems was monitored along two 
runs. The amount of PAOs and GAOs was determined based on the abundance (%RA) 
of these bacteria relative to the whole bacterial community (EUB binding cells). Table
5.5 shows the %RA ranges observed in all the reactors investigated.
The amount of CA-PAOs observed in reactors fed with acetate and propionate 
increased with time and, at the end of the run, the targeted PAO species dominated the 
bacterial population in these reactors (%RA >50%). Similar results had been reported for 
SBR reactor fed with propionate as sole carbon source (Pijuan et al. 2003). High
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amounts of the targeted PAO (53% of EUB biding cells) were also observed in a SBR fed 
with a mixture of acetate, propionate and butyrate (Levantesi et al. 2002). In this study, 
acetate and propionate produced similar effects on the targeted PAOs and GAOs. 
However, at the beginning of the run, acetate selected for the CA-PAOs faster than 
propionate.
Table 5.5 -  Summary of %RA of CA-PAOs and CC-GAOs observed in the 
SBR reactors during the experiment.
Reactor %RA of 
CA-PAOs 
initial - final
%RA of 
CC-GAOs 
initial -  final
A1 3-79 27-2
A2 3-87 27-2
PI 3-55 27-3
P2 3-64 27-3
AP 8-60 25-23
B 8-3 25-3
V 8-17 25-13
G 8 - 0 25-13
High amount of CC-GAOs was observed in the reactors (3 to 30%). Other studies 
had reported lower amounts of CC-GAOs in EBRP systems - 2% to 13% (Pijuan et al. 
2003, Levantesi et al. 2002). This difference was attributed to the high amount of CC- 
GAOs (%RA = 25%) identified in the seed source used in this study. The targeted GAOs 
decreased along the run in the reactors fed with acetate and propionate showing a 
competitive pattern between CC-GAOs and CA-PAOs. There was a good correlation 
between the amount of CA-PAOs in the system and the system performance, indicating
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that the targeted PAOs had important participation on the EBPR process in the reactors 
investigated.
Mixing acetate and propionate as carbon source also resulted in the selection of the 
targeted PAO (60 %RA at the end of the run). However the variation of the amount of 
CA-PAOs along the run was different from the one observed when feeding acetate and 
propionate separately. In addition, the targeted GAO population did not present a 
significant decrease along the run (25% to 23%). These results indicate that the CC- 
GAO population was still able to compete with CA-PAOs when acetate and propionate 
were mixed. A longer run could have shown whether the targeted GAO population was 
stabilizing or not. The performance of the system fed with acetate-propionate mixture 
increased as the targeted PAO population increased and the targeted GAO population 
decreased. However, a higher correlation was found between the system performance 
and the CC-GAO population. This observation may suggest that the decrease of targeted 
GAO population had more effect on the system performance than the increase of the 
targeted PAO community.
Important results were observed in the reactors fed with butyrate and valerate. 
Similarly to the reactor fed with acetate-propionate mixture, the targeted PAO population 
increased, during the first month of operation, in both reactors. Interestingly, after the 
first month, the amount of CA-PAOs decreased continuously (B - %RA from 54% to 3% 
and V - %RA from 69% to 17%) until tiie end of the run. This behavior may explain the 
failure of the EBPR systems fed with butyrate and valerate at the end of the run. The 
decrease in the targeted PAOs observed in these reactors did not correspond to any 
increase in the targeted GAO population. * This observation indicates that potentially
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other bacteria were involved in the population succession observed in these reactors. It 
was also noticed that, at the beginning of the run, the phosphate removal performances of 
the systems fed with butyrate and valerate were very high even though the targeted PAO 
population was small. This is a strong indication that PAOs not targeted in this study 
may have participated in EBPR in the early days of the run.
The analysis of the reactor fed with glucose showed that the targeted PAO could not 
survive under glucose feeding. The poor performance of this reactor matches the low 
amount of CA-PAOs observed in the system. The improvement of performance observed 
in this reactor at the end of the run may be related to the selection of other PAOs not 
targeted in this study. PAO species (i.e. Microlmatus phosphovorus) different than the 
one investigated in this study had been reported to successfully perform EBPR under 
glucose feeding (Santos et al. 1999). A longer run and the use of different molecular 
probes could have brought more insights onto the population succession that happened in 
the reactor fed with glucose. In this reactor, the targeted GAOs decreased along the run 
indicating that glucose feeding was not a sufficient condition for the proliferation of this 
species in the EBPR system investigated.
At the end of the run, two pairs of reactors presented the same amount of targeted 
PAOs at 95% confidence level: P - AP and B - V. This indicates that similar PAO 
selection is obtained when feeding either acetate-propionate mixture and propionate or 
butyrate and valerate. Acetate, propionate and butyrate presented similar amounts of CC- 
GAOs at the end of the run. The same result was observed for acetate and propionate 
mix, valerate and glucose. Targeted GAOs were not favored by any of the carbon 
sources tested. However, in the reactor fed with acetate-propionate mix the amount of
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CC-GAOs decreased slowly and did not reach the lower levels observed in the other 
reactors. This observation indicates that, despite favoring the targeted PAOs, the mixed 
feed did not have a strong effect on the targeted GAO population, compared to the 
individual VF As.
The comparison of the targeted PAO populations present in the reactors at the end of 
the runs, shows that acetate and propionate efficiently promoted the selection of the 
targeted PAO over the targeted GAOs. However, butyrate and valerate did not 
successfully select for either the targeted PAO or the targeted GAO. This observation 
supports the hypothesis that different types of VFA select for distinct types of bacteria 
within the EBPR microbial population, affecting the competition between PAOs and 
GAOs. Despite strong indications that different bacteria were selected by butyrate and 
valerate were presented, the initial working hypothesis of this dissertation cannot be 
considered fully proven because the microorganism that dominated the populations of the 
reactors fed with butyrate and valerate were not identified.
Further investigation on the microbiology systems fed with butyrate and valerate 
need to be performed in order to better understand the effects of these VF As on the 
bacterial succession in EBPR.
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CHAPTER 6
T-RFLP ANALYSIS OF THE MICROBIAL COMMUNITY IN EBPR 
REACTORS FED WITH DIFFERENT CARBON SOURCES 
While Chapter 5 described on the impact of different carbon source on the abundance 
of specific PAOs and GAOs, the work reported in this chapter aims at the identification 
of general microbial population changes in SBR reactors fed with different carbon 
sources using Terminal Restriction Length Polymorphism (T-RFLP). As described in 
Chapter 2, T-RFLP analysis is a new molecular method to analyze complex microbial 
communities and has been scarcely applied to activated sludge studies. Applications of 
T-RFLP profiles to monitor microbial population in EBPR reactors were not found in the 
literature.
In the T-RFLP analysis, DNA extracted from the microbial community from EBPR 
reactors was amplified by polymerase chain reaction (PCR) using fluorescent-labeled 
primers. The PCR products, or amplicons, were digested with restriction enzymes (Alu/ 
and HhaZ). These enzymes are able to cleave DNA at specific sites generating several 
different DNA fragments. The fragments retrieved from the enzyme digestion were 
separated, based on fragment length, by capillary electrophoresis using a DNA sequencer. 
The fluorescent-labeled terminal fragments (i.e., 5’ and 3’) were then detected as they 
migrated through the gel. The output of the electrophoresis analysis shows the reference
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fluorescence units detected for the different fragments and the time that each fragment 
took to travel through the gel. In order to obtain the size of the fragments, a standard 
containing labeled fragments of known sizes was concomitantly run. The data generated 
was then processed using the software Genemapper 3.0 (Applied Biosystems) to obtain 
DNA fragment sizes. Relative Fluorescence units were plotted against fragment size 
generating the T-RFLP profiles. These profiles constituted fingerprints of the microbial 
community that were used to compare the microbial populations in the EBPR reactors. 
Since the analysis was performed using two different restriction enzymes and dually 
labeled primers (i.e., primers labeled in both 5’ and 3’ terminals), four T-RFLP profiles 
were generated for each sample collected. Each microbial species is expected to generate 
two peaks, for each enzyme, corresponding to the 5’ and 3’ terminal. This characteristic 
was confirmed by analyzing extracted DNA from a pure culture of E. coli.
The approach adopted to compare profiles is detailed in Appendix E and is based on 
the presence and absence of peaks in the T-RFLP profiles. The profiles were converted 
into binary vectors that were then analyzed for similarity using Jaccard distance - JD 
(Legendre and Legendre 1983). The Jaccard distance was chosen as a similarity 
measuring tool because it has been extensively used in T-RFLP analysis (Kuske et al. 
2002, Mummey and Stahl 2003, Dumbar et al. 2000, Blackwood et al. 2003). 
Blackwood et al. (2003) observed that the use of Jaccard distance for clustering is 
equivalent to the use of other distances that consider peak height. Jaccard distance varies 
from 0 to 1.0 and the closer it is to zero, the more similar the profiles are. In order to 
calculate the JD between profiles, the results exported from the Genemapper software 
were converted into binary data and the profiles were aligned. The reactors were grouped
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and their JDs were calculated and stored in a distance matrix. Customized software 
developed with the assistance of a Computer Scientist, Mr. Renato Marteleto, was used to 
perform the binary conversion, the alignment of the peaks, and to calculate the distance 
matrix. The distance matrix was then exported into the statistics software Minitab^, 
where the dendrograms were generated using the single linkage method for clustering 
analysis. The customized software was quality assured by running some of the profiles in 
the not yet released version of Genemapper software. This was possible with the 
assistance of Dr. Surekha Karudapuram, Applied Biosystems.
Two types of analysis were performed. Intra-reactor analysis assessed changes of the 
microbial community present in each individual reactor during the runs. Inter-reactor 
analysis evaluated differences among the microbial communities of all reactors in the 
beginning, in the middle, and in the end of the runs. Before performing the inter and intra 
reactor analyses, the distance between replicates was evaluated in order to establish a 
minimum distance level for the comparison of the reactors.
6.1 -  Analysis of Replicates and Maximum Jaccard Distance 
Between Replicates
As presented in Chapter 2, many limitations can affect the reproducibility of the T- 
RFLPs profiles (Kitts 2001). Sources of error are mainly related to DNA extraction and 
handling, PCR, and electrophoresis. Experimental bias can greatly affect the results of 
the T-RFLP analysis. For this reason, replicates were analyzed in order to establish a 
maximum Jaccard distance that would assure similarity between profiles.
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For each sampling day, one rephcate was evaluated. The JD between sample and 
replicates are presented in Table 6.1 for tiie enzymes Alu/ and Hha/. Multiple enzymes 
had been used in T-RFLP analysis to increase the confidence of the similarity between 
samples (Dunbar et al. 2003). All the enzymes and terminals considered presented 
similar results (Table 6.1), which is confirmed by the analysis of variance of the data 
(F=0.18 and P-value 0.912).
Theoretically, perfect replicates should present Jaccard distances equal to zero. In 
general, tiie results show that the JD between replicates was higher than expected and in 
some cases it reached values close to one (Table 6.1). Kuske et al. (2002) observed 
technical replicates (i.e. replicate runs of the same PCR digest) with maximum JD of 0.20 
in soil samples. For field replicates, Kuske et al. (2002) found values ranging from 0.30 
to more than 0.70.
In this study, the upper limit of the 95% confidence interval for the mean JD of all the 
replicates analyzed was close to 0.50. This high value was attributed to the presence of 
five potential outliers identified in the data set (Table 6.1 highlighted cells). Visual 
comparison of the profiles that presented high distance confirms significant differences in 
terms of both number of peaks and peak distribution (Appendix D). Figure 6.1 illustrates 
this pattern for the profiles determined for reactor V in 08/05/04, which presented high 
JD values. Profiles presenting low JD values are illustrated in Figure 6.2 for reactor AP, 
other replicate profiles are listed in Appendix D. High distance between replicate profiles 
may indicate that bias related to the DNA extraction and handling might have occurred. 
The high diversity of the microbial community of activated sludge might also have 
contributed to the high distances observed between replicates. Replicates with distances
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higher than the mean (0.40), for all enzymes and terminals analyzed, were re-extracted 
and re-analyzed. The results of the new analysis also show some replicate profiles with 
high JD (Table 6.2). It is possible that biases are still present in the second analysis 
(Table 6.2 highlighted), however, the JD observed were, in general, lower than the one 
found in the first analysis.
Table 6.1 -  Jaccard distances between samples and replicates for the enzymes Alu/ 
and Hha/ (first analysis). Shaded values indicate high JD.
Run Sample-Date A lu /5 ’ A lu /3 ’ H h a /5 ’ H h a /3 ’
A l  - 03-26  
A 2 - 03-29  
P I - 04-02  
P2 - 04-07
A 2 - 04-19  
PI - 04-26  
P2 - 05-10
A P - 08-13
B - 08-26 0.27 0.41 0.25 0.23
V - 0 9 - 2 0.25 0.21 0.23 0.32
A P - 0 9 - 9 0.34 0.28 0.41 0.52
G - 0 9 - 1 6 0.22 0.35 0.20 0.33
Average 0.37 0.41 0.41 0.40
Standard Deviation 0.20 0.14 0.21 0.17
95% C l 
considering all replicates
0.27-0.48 0.34-0.49 0.31-0.52 0 .31-0.49
95% Cl
considering all replicates 
w ith distances <  0.40
0.24-0.31 0.29-0.41 0.25-0.35 0.25-0.37
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Figure 6.1 -T-RFLP replicate profiles of replicate sample that presented low 
identity with distance of 0.92 (5’ blue) and 0.75 (3’ red) -  samples 
V-08-05 and V-R -08-05 -  Alu/.
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Figure 6.2 -  T-RFLP profiles of replicate samples that presented high identity 
with distance of 0.21 (5’ blue) and 0.23 (3’ red) -  samples AP-08- 
13 and AP-R -08-13 - Hha/.
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Table 6.2 -  Jaccard distances between sample and replicates for the enzymes Alu/ 
and Hha/ (re-run). Shaded values indicate high JD.
Run Sample A lu/5’ A lu/3’ Hha/5' Hha/3’
PI - 04-02 0.38 0.39 0.17 0.33
Al - 04-12 0.35 0.48 0.31 0.11
1 PI - 04-26 0.33 0.40 0.33 0.27
P2 - 05-10 0.27 0.21 0.28 0.18
Al - 05-20 0.09 0.36 0.38 0.40
B - 07-29 0.21 0.26 0.61 0.44
V -  08-5 0.20 0.40 0.35 0.23
2 G -08-19 0.18 0.29 0.61 0.20
V -09-2 0.41 0.30 0.37 0.40
Average 0.31 0.37 0.38 0.28
Standard deviation 0.17 0.11 0.13 0.10
95% Cl
considering all replicates
0.19-0.44 0.29-0.45 0.28-0.48 0.20-0.36
In order to establish a maximum Jaccard distance for replicate samples, it was 
assumed that the profiles that presented distances higher than the mean (0.40) were 
outliers probably originated fi'om biases in the DNA extraction and handling, PCR 
amplification and DNA electrophoresis. Based on this assumption, the high values were 
excluded fi’om the data set and a new 95% confidence interval was calculated for the 
mean distance between replicates (Table 6.1). Based on the new 95% confidence interval 
a maximum distance level of 0.30 was adopted for replicate samples. In the analysis of 
the reactors that follows, samples that presented Jaccard distances lower than the
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maximum distance for replicates (0.3) were considered very similar, samples with 
distances higher the upper limit of the 95% confidence interval (0.40) were classified as 
different.
6.2 -  Changes in Microbial Population Observed in Each Reactor along the Runs
Changes in the reactor’s microbial population with time were evaluated in two ways. 
First, the T-RFLP profiles determined along the runs were compared with the T-RFLP 
profile of the first sample collected. A curve relating JD with time was plotted for each 
reactor. Second, JDs between the samples were used to build dendrograms comparing 
and clustering all the community fingerprints observed during the nm. These analyses 
showed how the microbial community changed with time in each reactor and 
consequently how each carbon source affected the microbial community during the run.
Figures 6.3 and 6.4 show how the JD between the first T-RFLP profile and the other 
profiles determined during the nm varied with time. The first sample was collected in the 
early days of the reactor’s operation (first run -  3^** day and second nm 4*^  day) and did 
not present high initial JD value from the seed (Table 6.2), except for reactors B.
The JD values show clearly that the microbial community changed with time. The 
fragments generated by both Alu/ and Hha/ show the same trends in the microbial 
community. In general, the variation of JD value with time shows an increasing profile 
tending towards stability after 20 days (Figures 6.3 and 6.4). Reactors Al, A2, PI and P2 
presented similar profiles, with few outliers. The presence of the outliers was confirmed 
by visual inspection of the T-RFLP profiles. In the reactors fed with acetate and 
propionate the JD stabilized between 0.4 and 0.6 in the end of the run.
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Figure 6.3 -  Variation of the JD between the population fingerprints at time T and the 
population fingerprint at the beginning of the run in the reactors fed with 
acetate and propionate (Al, A2, PI, and P2).
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Figure 6.4 -  Variation of the JD between the population fingerprints at time T and the 
population fingerprint at the beginning of the run in the reactors fed with 
butyrate, valerate, acetate and propionate mixture and glucose (B, V, AP, 
andG).
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Table 6.3 -  Jaccard distance between the reactor’s seed and the first day of 
sampling.
Run Sample Alu/5’ Alu/3’ Hha/5’ Hha/3’
Al 0.26 0.33 0.47 0.4
A2 0.21 0.25 0.15 0.15
1
PI 0.34 0.45 0.35 0.39
P2 0.22 0.24 0.13 0.15
V 0.19 0.24 0.22 0.15
2
AP 0.22 0.34 0.35 0.33
G 0.38 0.30 0.48 0.39
Visual inspection shows that the profile determined for reactor B in the first sampling 
day was very different from the others and that experimental bias might have occurred in 
this particular sample. For this reason, in the analysis of reactors B the first profile was 
substituted by the profile determined for the seed.
The profiles determined for B, V, AP and G also show that the microbial community 
changed with time. Jaccard distances higher than 0.80 were observed in the samples 
corresponding to day 11 (08/05/04) for reactors V, G, and AP. Similar JD was observed 
between sample and replicate for the same day. Visual examination of the replicate 
profiles indicates that an experimental error may be the cause the high distance between 
profiles observed on this day (08/05/04).
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The reactor fed with glucose presented higher JD values, at the end of the run, (0.5 - 
0.7) than the reactors fed with acetate and propionate. The JD calculated for the reactors 
fed with butyrate, valerate, and acetate-propionate mixture, at the end of the run, were 
similar to the ones observed in the reactor fed with acetate and propionate as sole carbon 
source (0.4 - 0.6). The variation of JD witii time showed that the enzymes and terminals 
reflected the same trends in all the reactors. For this reason, just the profiles determined 
for Alu/ 5’ were considered in the clustering analysis. Alu/ 5’ was chosen because it 
generated the best results in the replicate samples.
Figure 6.5 shows the dendrograms plotted for reactors Al, A2, PI, and P2 comparing 
the community fingerprints determined during the run in each reactor. The dendrograms 
were generated using the Jaccard distances calculated between each sampling day in a 
given reactor. In general, the profiles corresponding to the begiiming of the run (1,2,3) 
are clustered together and close to each other (JD » 0.3), while the other profiles are more 
distant and grouped in separated clusters (JD < 0.4). This trend confirms that the 
microbial community present in the reactors changed with time. The dendrogram 
determined for reactor PI best illustrates the changes in the microbial population with 
time. In this dendrogram, the communities are clustered sequentially from 1 to 9 in 
ascending order of JD value. This pattern confirms that the difference between the 
microbial populations increases with time tending to stabilize at the end of the run. 
Figure 6.6 shows the T-RFLP profiles determined for reactor PI during the run. Profiles 
for A l, A2 and P2 are presented in Appendix D. The profiles are different; however 
major peaks appear to be reproducible.
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Figure 6.5 -  Clustering analysis for reactors Al, A2, PI, P2 - variations along time -  
enzyme Alu/terminal 5’.
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Figure 6.6 -  T-RFLP profiles observed during the run in reactor PI - enzyme 
Alu/.
As discussed in Chapter 4, the performance of the reactors fed with acetate and 
propionate increased with time. For this reason, the microbial changes observed in the T- 
RFLP analysis during the run may be related to the selection of PAOs. The microbial
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changes evaluated in this analysis were general and involved the whole community 
present in the reactors. Therefore, it is difficult to predict if the population changes 
observed in this analysis are truly related to changes in chemical performance of the 
reactors.
The dendrograms plotted for reactors B, V, AP, and G are presented in Figure 6.7. 
For reactor B the dendrogram was generated assuming the seed as the first sample taken. 
Figure 6.8 illustrates the variation of the T-RFLP profiles for reactor B. Profiles 
determined for V, AP, and G are listed in Appendix D. The microbial community present 
in reactor B showed similar JD for all the clusters observed. This may be an indication 
that no major changes had occurred along the experiment, in this reactor. In addition, the 
IDs between the different community fingerprints observed in reactor B were in general 
lower than 0.40. For reactor V, the microbial community present in the reactor on 
08/05/04 was very different from the other dates (JD>0.8). This trend was also observed 
in reactors AP and G. The replicate sample analyzed for this day (08/05/04) presented a 
high JD value, which indicates that experimental error might have occurred and that this 
particular profile may be an outlier. Disregarding the profile firom 08/05/04, the 
dendrogram determined for reactors AP and G show that the microbial community in 
these reactors changed with time.
On the whole, the clustering analysis shows that, in terns of population changes 
during the run, butyrate and valerate had similar effects on the microbial community. 
Acetate and propionate also produced similar patterns in terms of microbial changes both 
as sole and combined carbon source. The changes observed using glucose feeding follow 
the pattern observed for the acetate-propionate reactor.
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Figure 6.7 -  Clustering analysis for reactors B, V, AP and G - variations with time -  
enzyme Alu/terminal 5’.
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Figure 6.8 -  T-RFLP profiles observed during the run in reactor B - enzyme Alu/.
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6.3 -  Comparison of the Microbial Population Observed in 
Different Reactors
Figure 6.9 shows the dendrograms determined for beginning, middle, and end of the 
first run, which included reactors Al, A2, PI, and P2.
03/26
04/19
05#0
1 ■ A l 2 -  A2 3 PI 4 P2
Figure 6.9 -  Clustering analysis for reactors Al, A2, PI and P2 - variations along time 
enzyme Alu/terminal 5’.
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The dendrograms show a slight increase in the JD values between clusters from the 
beginning to the end of the run. No particular cluster separating acetate fed reactors and 
propionate fed reactors was observed. This was not expected, since the results presented 
in Chapter 4 and 5 show that the replicate reactors behaved similarly. The JD value 
between replicate reactors was higher than 0.3 during the entire run and increased slightly 
at the end of the run (Figure 6.10). This confirms that althou^ the performance of the 
replicate reactors was similar, the microbial community was different. Kaewpipat and 
Grady (2002) also observed different microbial communities in replicate activated sludge 
reactors that had similar performance.
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Figure 6.10 -  Variation of the Jaccard Distance (JD) between the replicate 
reactors (A1-A2 and P1-P2) along the run.
Figure 6.11 shows the clustering of the reactors B, V, AP, and G for the beginning, 
middle, and end of the second run.
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Figure 6.11 -  Clustering analysis for reactors B, V, AP and G - variations along time 
enzyme Alu/terminal 5’.
In general, the clusters showed high JD values indicating that the microbial 
communities present in the reactors were different. The clustering analysis shows that, at 
the beginning of the run, reactors fed with butyrate and valerate were the closest to each 
other. However, they presented high JD (>0.4) suggesting that their microbial
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communities were distinct. In the middle and end of the run, the clustering presented 
similar patterns. B and V formed a cluster both in 08/19/04 and 09/16/04 and were the 
closest reactors in this set. The results show that the microbial community of B and V 
had the highest similarity, whereas AP and G formed more distant groups.
The seeds used in the two reactor runs presented JD around 0.40 (Appendix C), which 
is higher than the maximum distance level assumed for replicates. However, a JD value 
of 0.40 is close to the upper limit of the 95% confidence interval for the mean JD 
between replicates. Based on this JD value, the seeds were assumed to be similar and 
samples firom the two runs were grouped and analyzed. Figure 6.12 shows a dendrogram 
calculated for the pooled samples of all reactors in the last day of the runs. While 
reactors fed with acetate and propionate, both as sole carbon source and combined 
substrate, belong to the same cluster, reactors fed with butyrate and valerate form a 
separate cluster. The most distant reactor was the one fed with glucose. These results 
indicate that acetate and propionate had similar effects on the microbial community. The 
same can be said for butyrate and valerate.
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Figure 6.12 -  Clustering analysis considering all the reactors at the end of each run.
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6.4 - Summary and Discussion
The results of the intra-reactor analysis confirmed that the microbial population 
changed with time in all the reactors investigated. Changes were more evident in reactors 
fed with acetate, propionate, and glucose than in the reactor fed with butyrate and 
valerate. Changes in the reactors fed with butyrate and valerate were observed just at the 
beginning of the run.
The data presented in Chapters 4 and 5 show a decrease in the system’s performance 
and in the amount of targeted PAO present in reactors B and V in the end of the run. The 
T-RFLP analysis does not show any major change in the microbial community in the end 
of the run. This indicates that the changes observed in the targeted PAO community were 
isolated and did not correspond to a major change in the whole community that could be 
detected by T-RFLP.
The inter-reactor analysis showed that the microbial populations present in the 
reactors were different during the runs. The reactors present distances twice as high as 
the minimum distance level adopted based on the analysis of replicates (JD = 0.3). The 
replicate reactors (i.e. A1-A2 and P1-P2) did not have similar microbial communities 
according to their JD values. This observation contradicts the results of Chapter 5 that 
showed that in terms of specific GAO and PAG species, the replicate reactors are similar. 
It is important to observe that the specific species analyzed by FISH are represented by 
only two peaks in the T-RFLP profile. For this reason changes in these particular 
communities would have little impact in the overall similarity of T-RFLP profiles. Using 
DGGE, Kaewpipat and Grady (2002), also, observed differences in microbial population 
of replicate activated sludge reactors that started with sludge fi-om full scale systems.
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They suggested that development of replicate communities require prior population 
adaptation.
In general, the results of the T-RFLP analysis support the research hypothesis. The 
reactors presented different microbial communities along the run. However, the replicate 
reactors fed with acetate and propionate also developed different microbial communities. 
This observation indicates that the microbial changes observed in the reactors might have 
been affected by other factors than the carbon source fed to the system. Interestingly, 
three groups were identified when the reactors from the first and second runs were 
analyzed together for the last day of run. The first group involves all the reactors fed 
with acetate and propionate. The second group comprises the reactors fed with butyrate 
and valerate. The third group has only the reactor fed with glucose. This observation is 
an indication that VF As with shorter carbon chain affect the microbial community 
differently from VF As of longer carbon chain. In addition, it also confirms that VFA and 
non VFA carbon (i.e. glucose) sources have distinct effects on the EBPR microbial 
community.
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CHAPTER?
CONCLUSIONS
In this research, the hypothesis that different types of VF As select for distinct types of 
bacteria within the EBPR microbial population, affecting the competition between PAOs 
and GAOs, was investigated using Terminal Restriction Fragment Polymorphism (T- 
RFLP) and Fluorescence In Situ Hybridization (FISH). The results of the chemical and 
microbiological analysis clearly show a difference between systems fed with VFA with 
shorter carbon chain (acetate and propionate) and VFA with longer carbon chain 
(butyrate and valerate). The findings of the FISH analysis have the most important 
impact towards the research hypothesis. While acetate and propionate efficiently 
promoted the selection of the targeted PAO over the targeted GAO, butyrate and valerate 
failed in selecting either the targeted PAO or the targeted GAO. This means that not all 
types of VFA will select for the same PAO community. However, the hypothesis cannot 
be considered fully proven since other PAO and GAO species were not targeted in the 
reactors. The interactions between the targeted PAOs and GAOs in the EBPR reactors 
were not affected by the different types of VF As used. However, when acetate and 
propionate were mixed, it was observed that the targeted GAOs had a better chance to 
compete with the targeted PAOs in the system. Specifically the major conclusions of this 
investigation are:
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A) Chemical EBPR Performance
1) Greater system stability, in terms of phosphate removal, was obtained when the 
SBR reactors were fed with acetate and the acetate and propionate mixture, 
leading to phosphate removal as high as 99%. Propionate, used as sole carbon 
source, did not promote stable EBPR, but promoted good phosphorus removal 
at the end of the run. Butyrate and valerate promoted excellent phosphorus 
removal (>95%) at the beginning of the run; however, the systems failed in the 
long run.
2) Glucose, a non VFA carbon source, was detrimental to EBPR. However, the 
performance of the reactor fed glucose improved in the long run.
3) The microbial community present in the reactor fed with glucose was 
accumulating higher amounts of glycogen than the populations of the reactors 
fed with VF As.
4) Acetate and the acetate-propionate mixture generated the highest amount of 
PHA stored per carbon taken up, whereas glucose generated the lowest. High 
amounts of PHA corresponded to better phosphorus removal performance. 
While acetate and butyrate produced more PHB tiian PHV, propionate, the 
acetate-propionate mixture, valerate, and glucose generated more PHV than 
PHB.
B) Microbial Population Changes in the EBPR Reactors
1) Both FISH and T-RFLP analysis showed that the microbial population of the 
reactors qualitatively changed with time.
176
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2) The dendrograms generated from the T-RFLP analysis for each individual 
reactor showed that the microbial populations at the beginning and at the end of 
each run were different.
3) Based on the similarity of the T-RFLP fingerprints three groups of 
microorganisms emerged in relation to the carbon source fed to the reactors: 
short chain VFA (acetate and propionate), long chain VFA (butyrate and 
valerate), and non-VFA (glucose).
4) FISH analysis showed that the quantity of Candidatus accumulibacter 
phosphatis (CA-PAOs) observed in reactors fed with acetate and propionate, 
both as sole and combined substrate, increased with time.
5) Both acetate and propionate selected for CA-PAO in EBPR systems. However, 
the selection of this PAO occured faster when acetate was the sole carbon 
source.
6) The performance of the EBPR systems fed with acetate and propionate 
improved as the amount of CA-PAOs increased. This confirms that the 
targeted PAO species has an important role in EBPR.
7) The targeted GAOs {Candidatus compitibacter phosphatis -  CC-GAOs) could 
not compete for any of the carbon sources tested, except for the mixture of 
acetate and propionate.
8) Butyrate and valerate selected for the targeted PAO population during the first 
month of operation. Unexpectedly, the CA-PAO population decreased at the 
end of the run. The decrease in the CA-PAO population was accompanied by
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a failure of EBPR in these reactors. However, this failure did not correspond 
to an increase in the targeted GAO population. This observation suggests that 
potentially other bacteria were involved in the population succession observed 
in the reactors fed with butyrate and valerate.
9) At the beginning of the run, the phosphate removal performances of the 
systems fed with butyrate and valerate were very high even though the 
targeted PAO population was still small. This is an indication that PAOs not 
targeted in this study may have participated in EBPR in the early days of the 
run.
10) The targeted PAOs could not survive in the reactors fed with glucose and 
were detected just at the beginning of the run. The poor performance of this 
reactor matches the low amount of CA-PAOs observed in the system.
11) Expected increase in the targeted GAO population was not observed in the 
reactor fed with glucose.
12) The performance of the reactor fed with glucose increased at the end of the 
run without a concomitant increase in the population of targeted PAOs. For 
this reason, other microorganisms might have been performing EBPR in the 
reactor fed with glucose.
7.1 - Contributions of the Findings of this Research to the Body of 
Knowledge on Enhanced Biological Phosphorus Removal 
This research brings new contributions to the body of knowledge on EBPR by 
combining the assessment of both chemical and biological changes in EBPR processes
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when different carbon sources are fed to the system. The results not only confirmed 
previous author’s findings, but also revealed new information about EBPR.
The chemical investigation, herein presented, provided new data on phosphorus 
release and uptake, carbon uptake, phosphorus content in cells, PHA formation and 
consumption, and glycogen consumption in EBPR systems. Intense investigation of the 
reactor's performance showed the different transient patterns of phosphorus release and 
uptake in EBPR reactors fed with distinct carbon sources. In addition, new data on the 
composition of the PHAs formed by different types of VF As were also generated.
Profiles of phosphorus release and uptake were presented confirming the findings of 
other authors (Abu-ghararah and Randall 1991, Randall et al. 1994, Randall et al. 1997a, 
Randall et al. 1997b) that acetate is the VFA that better promotes EBPR. Chemical 
profiles also confirmed that good EBPR performance may be achieved with propionate in 
long-term experiments, which had been recently observed by other authors (Chen et al. 
2004, Pijuan et al. 2003), but refuted by earlier reports. The parallel operation of 
duplicated SBR reactor starting from the smne sludge seed, showed that the systems fed 
with acetate and propionate stabilized differently.
Reports of EBPR studies using butyrate and valerate are rare in the literature. This 
dissertation provides contributions in this front. Data on the chemical performance of 
reactors fed with butyrate and valerate were generated showing the variation of phosphate 
profiles and carbon storage products with time. The profiles show clearly that these VFA 
types promoted EBPR differently from acetate and propionate, and most importantly they 
induced systems failure in the long run.
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New information was also generated regarding the role of glucose as substrate in 
EBPR. The effect of glucose in EBPR has been controversial. Some authors observed 
that glucose is detrimental to EBPR (Randall et al. 1994, Chech and Hartman 1990, 
1993) and others had observed that glucose lead to good EBPR performance (Carucci et 
al. 1994, Jun and Shin 1997, Jeon and Park 2000, Jeon et al 2001). In this research, 
phosphate profiles were generated showing increasing phosphorus removal performance 
with time in the reactor fed with glucose. This suggests that a microbial population 
capable of performing EBPR, using glucose as carbon source, may be selected if 
sufficient time is provided for system stabilization.
The most significant contributions of this research relate to the microbiological 
aspects of EBPR. In recent years, tiie EBPR scientific community has focused on 
Candidatus accumulibacter phosphatis as the main PAO responsible for EBPR (Zilles et 
al. 2002a, 2002b, Crocetti et al. 2000, Hesselman et al. 1999, Pijuan et al. 2003). This 
PAG species was first identified in reactors fed with acetate (Abu-ghararah and Randall 
1991, Randall et al. 1994, Randall et al. 1997a, Randall et al. 1997b). This dissertation 
shows that not only acetate but also propionate selects very well for this PAG species in 
EBPR systems. A very recent study also showed similar results (Pijuan et al. 2003). 
Furthermore, this research revealed that butyrate and valerate may not select for this PAG 
species in the long run. This dissertation is, to the best of my knowledge, the first report 
on the effect of butyrate and valerate in the selection of Candidatus accumulibacter 
phosphatis in EBPR. It was also shown, in this study, that Candidatus accumulibacter 
phosphatis cannot survive under glucose feeding, which may indicate that the reports of
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successful EBPR in glucose reactors (Carucci et al. 1994, Jun and Shin 1997, Jeon and 
Paric 2000, Jeon et al 2001) might have involved other PAO species.
This work also uncovered new knowledge on the relationship between chemical 
performance and presence of Candidatus accumulibacter phosphatis in EBPR systems. 
Since the FISH analysis was performed several times along the run, it was possible to 
match the amount of targeted PAOs in the system with the phosphorus system removal 
over time. The only similar approach found in the literature was presented by Pijuan et 
al. (2003) and involved only reactors fed with propionate. The data generated in the 
present study shows that, in terms of system performance and in the long run, this PAO 
species leads to effective EBPR when fed either with acetate or propionate. The same 
was not observed for butyrate, valerate, and glucose.
This research also provided insights into the interactions between Candidatus 
accumulibacter phosphatis and its competitor Candidatus compitibacter phosphatis. The 
discovery of this PAO competitor is very recent (Crocetti et al. 2002) and only a few 
studies had contrasted the presence of these PAO and GAO species in EBPR systems 
(Pijuan et al. 2003, Levantesi 2002). This dissertation presented new information on the 
behavior of Candidatus competibacter phosphatis populations over time in EBPR 
reactors fed with different carbon sources. Profiles of the Candidatus competibacter 
phosphatis population were drawn along the reactor’s run showing the variation of the 
amount of this bacteria with time for the different feeding conditions investigated. The 
results show clearly that a competitive relationship between Candidatus accumulibacter 
phosphatis and Candidatus competibacter phosphatis exists, particularly in the reactors 
fed with acetate and propionate. Pijuan et al. (2003), had observed similar results in
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reactors fed with propionate. The results presented in this dissertation not only confirm 
Pijuan’s recent findings, but also show that these two species have a competitive 
relationship when acetate is used as carbon source. In addition, it is shown that butyrate 
and valerate apparently have no influence on the competition between these species. 
Furthermore, it was uncovered that when acetate and propionate are fed together, 
Candidatus compitibacter phosphatis have more chance to compete with PAOs.
7.2 - Biological Phosphorus Removal Implications
Insights into unexpected EBPR failures can be drawn from this research. It was 
observed that different types of carbon sources, particularly VF As, have different impacts 
in the EBPR microbial community and on the system performance. This result indicates 
that fluctuations of the concentration of different types of VFA or glucose in the primary 
effluent of wastewater treatment plants can affect a system's performance.
It is well known that acetate is the most common VFA present in primary effluent of 
wastewater treatment plants. However, the concentrations of propionate, butyrate, and 
valerate in these effluents can also be significant. The relative amounts of these acids are 
dictated by temperature, composition of wastewater, retention time in the sewer lines, and 
operation mode of primary treatment. Therefore, actual EBPR systems are fed a mixture 
of VF As with different concentrations. Furthermore, wastewater treatment plants located 
in cold climates need to add VF As to their systems during the winter season. This can be 
accomplished by purchasing pure VF As or by generating VFA via fermentation of 
primary sludge. The fermentation of primary sludge generates a mixture of VF As with
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various concentrations. For this reason, it is important to understand how EBPR systems 
respond to different types of carbon feed.
This research confirms that the VFA of choice, for the carbon supplement, should be 
acetate. However, if long term additions are considered, propionate may also be used. 
Based on the results of this research, one can suggest that fermentation of primary sludge 
should be carefully controlled to produce VF As that are most beneficial to EBRP 
systems. Although, very few studies are available in the literature in this regard, it is 
known that the average solids retention time in fermenters can be used to control the type 
of VFA produced. Until the results of new studies are made available, production of 
significant amounts of butyrate and valerate in fermentation systems should be avoided. 
The systems should be optimized to generate more acetate or propionate.
7.3 - Recommendation for Future Investigations
1) Extension of the FISH analysis to different types of PAOs and GAOs
New insights can be drawn from this study by extending the FISH analysis to 
different types of PAOs and GAOs. Samples collected during this research have been 
preserved and can still be analyzed in the following months. This investigation should 
focus on the reactors fed with butyrate, valerate, and glucose, which presented small 
amounts of Candidatus accumilibacter phosphatis and Candidatus compitibacter 
phosphatis at the end of the runs. This observation indicates that other species might 
have participated in the bacterial succession in these reactors. It is specially 
recommended that a probe targeting the PAO species Microlunatus phosphovorus (MP2, 
Kawaharasaki et al. 1998) be used in the reactor fed with glucose. As mentioned before.
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it has been reported that pure cultures of this PAO species can foster good EBPR 
performance when fed with glucose as sole carbon source. The identification of different 
PAOs and GAOs in the reactors fed with butyrate and valerate may elucidate the sudden 
failure of these reactors at the end of the seven-week run. In addition, new information 
that can further contribute to the hypothesis investigated in this research may be 
generated.
2) In silico analysis of T-RFLP profiles
An in silico T-RFLP analysis can be performed and the results can be compared with 
the T-RFLP profiles generated in this study. This may allow the identification of major 
bacteria groups present in the system during the run. This type of investigation may also 
bring insights into the bacterial succession that occurred in the reactors fed with glucose, 
butyrate and valerate.
3) Longer operation of the SBR reactors
This research presented strong indications that butyrate and valerate are detrimental 
to EBPR. It is important to study the causes of EBPR failure in the systems fed with 
butyrate and valerate to uncover why these reactors failed. Longer experiments with the 
SBR systems are recommended to confirm and further investigate the causes of EBPR 
failure under these feeding conditions. It is also recommended that the anaerobic period 
in butyrate and valerate reactors be increased, since complete phosphate release was not 
observed during the runs reported in this dissertation.
Longer experiments are also recommended for the reactor fed with glucose. These 
longer runs may confirm that the performance of the glucose reactor improves with time. 
It may also bring insights into the succession of microbial communities when glucose is
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used as carbon source. Since it revealed in this research, that Candidatus accumulibacter 
phosphatis cannot survive under glucose feeding, other types of PAOs should be 
investigated in die reactors fed with glucose.
4) Operation of the SBR reactors with combined substrate and real wastewater
The operation of the reactors using different combinations of carbon sources can 
greatly contribute to the EBPR knowledge, since actual treatment plants are fed with 
mixtures of the VF As. Simulations of variations of VFA concentration can bring 
important insights to the causes of EBPR failure. It is recommended that, in the new 
runs, the systems be exposed to sudden changes in the VFA composition in the feed. 
This would generate information on the impact of changes in the VFA composition on 
EBPR systems.
5) Monitoring of the VFA and microbial concentrations year-round in a full scale system
It is very importait to know how VFA composition varies during long periods in a 
wastewater treatment plant and what the correspondent impacts on the microbial 
community are. This information could then be compared to the results obtained in this 
research.
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APPENDIX A
PRELIMINARY DESIGN OF SBR REACTOR
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APPENDIX A
SBR’S PRELIMINARY DESIGN CONSIDERATIONS
All equations used were based on the design of activated sludge system and EBPR 
systems presented by Rittmann and McCarty (2001).
1) Characterization of the influent ;
Influent Flow, Q = 121/day 
COD influent. So = 400 mg/1 
Phosphorus influent, Po = 10 mg/1
2) Assumption of kinetic and stoichiometric characteristics (Rittmann and McCarty 
2001):
Yield, Y = 0.45 mg VSS/mg COD
Maximum specific rate of substrate utilization: q = 20 mg COD/mg VSS - d
Maximum specific growth rate: p = Y*q = 9 1/d
Half saturation constant: K = 1 mg COD/1 (simple substrates)
Endogenous decay coefficient: b = 0.15/d 
Biodegradable fraction of biomass: fd= 0.8
3) Calculation of the delimiting values -  SRT minimum, [SRTmin]iim and minimum 
effluent COD concentration, Smm- The following were used:
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Y q-b
(Al)
[SRT i^nliim 0.45*20-0.15 ^
S.i.=Kb[SRT^L
=K b [S R T ^]^  =9*0.15*0.113 =0.152mgCOD/i
(A2)
4) Table A1 presents typical SRTs values for laboratory EBPR systems using SBRs: 
Table A1 - Typical SRTs values for laboratory EBPR systems.
SRT(days) MLVSS (mgfl) Reference
15 2000-3000 Onuki et at. 2002
10 - Levantesi et al. 2002
7 - Liu et al. 2001
10 - Jeon et at. 2003
20 4000-5000 Kawaharasaki et al. 2002
7 - Hesselmann e /û/. 1999
15 - Bond et al. 1995
10 - Lemosefa/.1998
MLVSS in these SBRs typically vary fiom 2000 to 5000 mg/1 
5) Estimation of the effluent substrate (S) and phosphorus (P) concentrations
1+bSRTS = K-
S = 1
Y qSR T-(l+bSR T ) 
1 + 0.15*14
(A3)
=0.025 mg/1
0.45*20*14-(1 + 0.15*14)
According Rittmann and McCarty (2001), the biomass of a successful EBPR may 
have from 2 to 5 times more phosphorus than a conventional activated sludge system. 
Assuming a conventional activated sludge system with P content of 0.0267 mg P/ mg 
VSS (Rittmann and McCarty 2001), EBPR systems would have from 0.0534 to 0.134 mg
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p/ mg VSS. In average the PAOs would have a phosphorus content of 0.0935 mg P / mg 
VSS the effluent phosphorus concentration may be estimated as;
(P%) Y ( l + ( l - f j b  SRT) (ACOD)P = P o -
1+bSRT
(A4)
p (0.0935) 0.45 (1+(1-0.8) 0.15*14) (400-0.025) ^
1 + 0.15*14 ■ ”
6) For a MLVSS of 2500 mg/1 and a volume of 8 liters the HRT and SRT can be 
calculated as:
V = QHRT
HRT = 8/12 = 0.667 day
(A5)
(A6)
X = SRT
HRT 1+bSRT
(AT)
SRT = 2500*0.667
10 + 1+(1-0.8)*0.15*14
1 + 0.15*14
0.45 [400-0.025]
= 18 days
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APPENDIX B
PHOSPHORUS BALANCE IN SBR REACTORS
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0:00 10.00 5.35 5.95 10.35 10.54 12.40 11,20 16.30 18.90 28.30 16.40 20.39 19.00 28.75 31.50 53.5 47.5
0:50 13.6 8.3 7.6 30.6 38 45.5 58.5 67 62.5 73 76 68 80.5 88 75 82 93
1:40 13.6 8.6 8.3 31.6 43.5 SB 53.5 62.5 67 70 77 73 78 96 71 84 87
2:30 14.6 8.2 8.5 32 43 47 50.5 58 59.5 65 71 71.5 79.5 92 52 75 82
4:00 13.60 7.00 10.80 21.05 29.70 33.75 43.25 42.00 37.50 47.75 40.50 48.45 42.25 67.25 28.00 17.5 31
4:30 4.4 7.4 14.3 22.6 21.6 15.4 17 16.4 21.8 162 19.4 25.6 40 11 3.00 3
5:30 7.5 2.2 3.7 7.2 11 8.6 4.4 7.6 6.2 1.8 0.8 2.8 1.8 4.4 0.4 0.25 0.4
6:30 5.2 3.1 2.4 5.3 4.8 7 2 3 3 0.8 1 0.2 0.2 2 0.2 0.15 0.4
7:10 2.80 0.85 1.50 2.25 1.60 6.80 0.90 1.00 2.30 0.40 0.30 0.48 0.40 4.60 0.30 0.23 0.1
Max P concenbation 14.60 8.60 10.80 32.00 43.50 56.00 58.50 67.00 67.00 73.00 77.00 73.00 80.50 96.00 75.00 84.00 93.00
Feed P concentration 12.4 12.4 12.4 10.5 10.5 10.5 10.5 10.5 8.3 8.3 8.3 8.3 8.3 8.1 8.3 8.3 8.4
Initiai P Conc - (finai+féed)/2 7.6 6.625 6.95 6.375 6.05 8.65 5.7 5.75 5.3 4.35 4.3 4.39 4.35 6.35 4.3 4.263 4.25
P removal - (init - finaiyinit 63% 87% 78% 65% 74% 21% 84% 83% 57% 91% 93% 89% 91% 28% 93% 95% 98%
Initiai P Release - (tzero- 
initial) 2.40 0.00 0.00 3.98 4.49 3.75 5.50 9.65 13.60 23.95 12.10 16.00 14.65 22.40 27.20 49.24 43.25
P Release after TO (max- 
tzero) 4.60 3.25 4.85 21.65 32.96 43.60 47.30 51.70 48.10 44.70 60.60 52.61 61.50 67.25 43.50 30.50 45.50
Total P Release 7.00 3.25 4.85 25.63 37.45 47.35 52.80 61.25 61.70 68.65 72.70 68.61 76.15 89.65 70.70 79.74 88.75
Up take - (max-final) 11.80 7.75 9.30 29.75 41.90 49.20 57.60 66.00 64.70 72.60 76.70 72.52 80.10 91.40 74.70 83.78 92.90
VSS 2488 2770 2670 2500 2505 2390 2660 2970 3230 2390 2420 2120 1980 1520 1905 1840 2120
SS 3410 3450 3510 3250 3315 3160 3SC6 3800 4560 3130 3440 3050 2945 2200 2685 2955 3220
%VSS 73% 80% 76% 77% 76% 76% 76% 78% 71% 76% 70% 70% 67% 69% 71% 62% # %
P content/VSS (%) 5% 6% 6% 5% 9% 8% 12% 8% 8% 11% 12% 17% 15% 12% 14% 16% 14%
P contentfSS (%) 3.7% 5.2% 4.8% 4.1% 6.6% 6.1% 9.0% S.9% 6.0% 8.2% 8.5% 11.7% 10.2% 80% 10.0% 9.9% 9.3%
P release/gram  of VSS 2.81 1.17 1.82 10.25 14.95 19.81 19.85 20.62 19.10 28.72 30.04 32.36 38.46 58.98 37.11 43.34 41.86
P removal/gram of VSS 1.93 2.08 2.04 1.85 1.78 0.77 1.80 1.60 0.93 1.65 1.65 1.84 1.99 1.15 2.10 2.19 1.96
mg P released/ mg COD used 0.04 0.02 0.02 0.13 0.19 0.24 0.26 0.31 0.31 0.34 0.36 0.34 0.38 0.45 0.35 0.40 0.44
P relese/C uptake (mol P/mol 
C)
0.05 0.02 0.03 0.18 0.26 0.33 0.38 0.44 0.44 0.49 0.52 0.46 0.51 0.63 0.49 0.55 0.62
P concentration, VSS, and SS -  mg/1
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0:00 11.20 5.80 5.80 9.90 12.00 12.40 1220 14.00 17.00 29.00 15.00 22.50 22.40 20.40 37.00 59.00 45.00
0:50 12.80 7.50 10.30 27.25 40.35 59.25 57.50 55.50 53.00 67.00 73.75 66.00 80.50 73.00 73.50 75.50 92.50
1:40 13.80 9.40 10.10 31.50 47.50 56.50 53.50 61.00 62.00 68.00 78.00 76.00 79.00 67.00 70.00 69.00 83.00
2:30 14.30 9.90 8.10 31.50 46.50 51.00 57.50 57.50 64.50 66.50 70.00 62.00 50.00 59.50 57.00 56.00 90.00
4:00 14.30 7.40 10.10 24.00 30.00 38.00 34.50 48.00 44.00 53.50 39.00 55.00 57.50 10.00 19.00 16.00 44.00
4:30 7.80 11.86 8.03 31.55 30.23 37.84 19.78 25.37 21.00 32.98 14.77 28.95 32.73 4.75 6.58 1.00 8.14
5:30 7.80 1.90 3.90 7.40 10.60 10.60 7.00 4.20 6.80 1.40 0.04 0.40 2.40 0.40 1.80 0.10 0.50
6:30 4.70 1.20 2.50 5.50 7.00 4.60 3.00 3.00 2.60 1.40 0.20 1.40 0.06 1.20 0.40 0.15 0.40
7:10 2.80 0.70 1.70 1.80 1.80 2.00 1.00 1.20 1.40 0.60 0.04 0.20 0.20 1.20 0.20 0.20 0.04
Max P concentration 14.30 11.86 10.30 31.55 47.50 59.25 57.50 61.00 64.50 68.cn 76.00 76.00 80.50 73.cn 73.50 75.50 92.50
Feed P concentration 12.4 12.4 12.4 10.5 10.5 10.5 10.5 10.5 8.3 8.3 8.3 8.3 8.3 8.1 8.3 8.3 8.4
Initiai P Conc.- (final+feed)/2 7.6 6.55 7.05 6.15 6.15 6.25 5.75 5.85 4.85 4.45 4.17 4.25 4.25 4.65 4.25 4.25 4.22
P removal - finit - flnal)/init 63% 89% 76% 71% 71% 68% 83% 79% 71% 87% 99% 95% 95% 74% 95% 95% 99%
Initiai P Release - (tzero- 
initial) 3.60 0.00 0.00 3.75 5.85 6.15 6.45 8.15 12.15 24.55 10.83 18.25 18.15 15.75 32.75 54.75 40.78
P R elease after TO (max- 
tzero) 3.10 6.06 4.50 21.65 35.50 46.85 45.30 47.00 47.50 39.00 63.00 53.50 58.10 52.60 36.50 16.50 47.50
Total P Release 6.70 6.06 4.50 25.40 41.35 53.00 51.75 55.15 59.65 63.55 73.83 71.75 76.25 68.35 69.25 71.25 88.28
Up take-(m ax-final) 11.50 11.16 8.60 29.75 45.70 57.25 56.50 59.80 63.10 67.40 77.96 75.80 KI.30 71.80 73.30 75.30 92.46
VSS 2556 2310 2780 2680 2600 2320 2615 2810 2730 2465 2240 2220 1865 1540 1945 1880 2300
SS 3550 3640 3670 3410 3430 3210 3445 3560 3730 3200 3250 3080 2725 2210 2B15 2910 3400
%VSS 72% 63% 76% 79% 76% 72% 76% 79% 73% 77% 89% 73% 68% 70% 74% 65% 68%
P contenW SS (%) 7% 7% 6% 6% 5% 8% 8% 7% 7% 8% 15% 14% 14% 13% 12% 16% 13%
P content/SS (%) 4.8% 4.4% 4.6% 4.9% 4.1% 5.7% 5.8% 5,2% 5.4% 6.5% 10.1% 10.3% 9.4% 9.3% 9.3% 10.3% 9.0%
P release/gram  of VSS 2.62 2.62 1.62 9.48 15.%) 22.84 19.79 19.63 21.85 25.78 32.96 32.32 40.88 44.38 35.60 37.90 38.36
P removal/gram of VSS 1.88 2.53 1.92 1.62 1.67 1.83 1.82 1.65 1.26 1.56 1.84 1.82 2.17 2.24 2.06 2.15 1.82
mg P released/ mg COD used 0.03 0.03 0.02 0.13 0.21 0.27 0.26 0.28 0.30 0.32 0.37 0.36 0.38 0.34 0.35 0.36 0.44
P relese/C uptake (mol P/moi 
C) 0.05 0.04 0.03 0.17 0.28 0.36 0.37 0.39 0.43 0.46 0.53 0.48 0.51 0.48 0.48 0.50 0.61
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Tim e W 3/29 à /é i 4/2 4/5 Atr 4 ë 4 k i # 4 41/19 m i l  # 2 9  1 5/10 m 3 é l i t s m
0:00 12.20 4.10 6.10 10.00 12.80 15.00 16.00 14.80 13.40 16.00 9.20 11.00 11.60 31.40 40.00 36.00 34.00
0:50 10.60 4.60 7.20 15.50 16.40 17.00 le .œ 30.50 15.00 34.50 24.50 23.90 34.50 65.00 67.00 68.00 108.00
1:40 9.00 5.25 7.30 18.35 19.30 21.50 22.25 27.25 18.50 24.50 35.25 28.95 39.75 60.25 68.50 72.50 84.50
2:30 8.50 5.50 6.80 20.00 20.40 26.00 21.00 20.50 18.50 30.00 21.50 29.00 38.50 59.50 77.00 69.00 102.00
4:00 10.50 5.20 10.20 19.20 18.80 21.60 21.00 24.00 18.50 23.00 22.50 26.70 30.00 22.00 29.00 42.00 45.00
4:30 4.40 8.20 16.00 15.00 16.20 15.80 16.20 14.50 12.20 15.20 20.90 25.20 9.20 12.00 21.00 15.30
5:30 10.60 3.60 6.40 12.40 15.50 14.60 14.80 15.90 13.90 16.70 12.40 14.41 13.20 3.70 3.90 5.98 5.20
6:30 10.60 3.40 5.50 10.10 13.80 13.20 14.80 13.æ 12.00 14.00 9.20 13.10 9.40 2.40 3.20 4.35 3.40
7:10 10.60 2.20 6.90 7.30 10.40 10.40 10.60 12.20 12.60 11.00 7.60 9.10 4.20 2.20 2.60 3.50 1.70
Max P concentration 12.20 5.50 10.20 20.00 20.40 26.00 22.25 30.50 18.50 34.50 35.25 29.00 39.75 65.00 77.00 72.50 108.00
Feed P concentration 12.4 12.4 12.4 10.5 10.5 10.5 10.5 10.5 8.3 8.3 8.3 8.3 8.3 8.1 8.3 8.3 8.4
Initiai P Conc - (final+feed)/2 11.5 7.3 9.65 8.9 10.45 10.45 10.55 11.35 10.45 9.65 7.95 8.7 6.25 5.15 5.45 5.9 5.05
P removai - (init - finaiVinit 8% 70% 28% 18% 0% 0% 0% -7% -21% -14% 4% -5% 33% 57% 52% 41% 66%
initial P Release - (tzero- 
initial) 0.70 0.00 0.00 1.10 2.35 4.55 5.45 3.45 2.95 6.35 1.25 2.30 5.35 26.25 34.55 30.10 28.95
P Release after TO (max- 
tzero) 0.00 1.40 4.10 10.00 7.60 11.00 6.25 15.70 5.10 18.50 26.05 18.00 28.15 33.60 37.00 36.50 74.00
Total P Release 0.70 1.40 4.10 11,10 9.95 15.55 11.70 19.15 8.05 24.85 27.30 20.30 33.50 59.85 71.55 66.60 102.95
Up take - (max-final) 1.60 3.30 3.30 12.70 10.00 15.60 11.65 18.30 5.90 23.50 27.65 19.90 35.55 62.80 74.40 69.00 106.30
VSS 2739 2770 2750 2590 2620 2510 2550 2470 2300 2210 2170 2080 1710 1895 2230 2090 2070
SS 3300 3275 3240 3% 5 3050 3040 2880 2750 2725 2410 2415 2280 1990 2535 2800 3150 3035
%VSS 83% 85% 85% 85% 86% 83% 89% 90% 84% 92% 90% 91% 86% 75% 80% 66% 68%
P content/VSS (%) 4% 4% 5% 3% 3% 4% 5% 4% 8% 9% 3% 9% 3% 12% 12% 16% 16%
P content/SS (%) 3.6% 3.7% 4.4% 2.7% 2.3% 3.3% 4.1% 3.4% 6.6% 8.6% 3.1% 8.0% 2.8% 9.1% 9.6% 10.3% 11.2%
P release/gram of VSS 0.26 0.51 1.49 4.29 3.80 6.20 4.59 7.75 3.50 11.24 12.58 9.76 19.59 31.58 32.09 31.87 49.73
P removal/gram of VSS 0.33 1.84 1.00 0.62 0.02 0.02 -0.02 -0.34 -0.93 -0.61 0.16 -0.19 1.20 1.56 1.28 1.15 1.62
mg P released/ mg COD used 0.00 0.01 0.02 0.06 0.05 0.08 0.06 0.10 0.04 0.12 0.14 0.10 0.17 0.30 0.36 0.33 0.51
P reiese/C uptake (mol P/mol
C) 0.01 0.01 0.04 0.08 0.07 0.11 0.08 0.13 0.06 0.14 0.16 0.16 0.26 0.44 0.53 0.54 0.83
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T im e 'M r 4/2 4/6 4 ft 4/9 « 1 2 4/14 « l é « é z 4f2S 1 4 fi9 é rto 5/13 w 5/20
0:00 10.30 3.60 5.70 10.40 15.20 14.60 14.00 15.20 13.00 15.00 11.40 11.20 9.40 18.20 35.00 37.00 32.00
0:50 9.70 4.40 7.20 15.40 16.20 23.00 26.50 25.00 15.00 26.50 34.00 39.60 49.00 61.50 67.00 81.00 88.00
1:40 10.90 4.70 6.70 16.90 18.80 21.00 22.50 24.50 18.50 28.00 25.50 46.50 54.50 62.50 72.00 72.00 81.00
2:30 9.30 5.60 9.55 20.20 20.40 18.25 20.75 23.25 17.50 34.00 33.00 48.55 56.00 61.25 73.00 68.50 89.50
4:00 12.50 5.00 8.00 18.80 18.80 17.50 14.20 27.00 17.50 29.00 26.50 41.50 34.50 19.50 23.00 26.00 56.00
4:30 4.10 8.40 15.80 14.50 14.60 17.80 22.60 15.80 20.20 22.60 27.20 22.20 6.60 3.00 9.00 16.60
5:30 9.70 3.30 7.90 11.70 13.80 16.40 14.20 16.60 13.00 16.00 15.20 14.10 5.40 1.40 1.40 2.50 4.90
6:30 10.70 2.70 6.15 11.60 13.00 11.10 16.50 17.20 12.40 13.60 10.60 7.92 1.20 1.10 1.40 1.88 2.88
7:10 11.00 2.30 4.70 8.30 11.00 10.60 11.20 12.00 12.60 8.00 5.80 3.90 0.20 0.80 0.60 1.60 1.20
Max P concentration 12.50 5.60 9.55 20.20 20.40 23.00 26.50 27.00 18.50 34.00 34.00 48.55 56.00 62.50 73.00 81.00 89.50
Feed P concentration 12.4 12.4 12.4 10.5 10.5 10.5 10.5 10.5 8.3 8.3 8.3 8.3 8.3 8.1 8.3 8.3 8.4
Initial P Conc,- (flnal+feed)/2 11.7 7.35 8.55 9.4 10.75 10.55 10.85 11.25 10.45 8.15 7.05 6.1 425 4.45 4.45 4.95 4.8
P removal - (init - (lnal)/init 6% 69% 45% 12% -2% 0% -3% -7% -21% 2% 18% 36% 95% 82% 87% 68% 75%
initial P Release - (tzero- 
inltial) -1.40 0.00 0.00 1.00 4.45 4.05 3.15 3.95 2.55 6.85 4.35 5.10 5.15 13.75 30.55 32.05 27.20
P R elease after TO (max- 
tzero) 2.20 2.00 3.85 9.80 5.20 8.40 12.50 11.80 5.50 19.00 22.60 37.35 46.60 44.30 38.00 44.00 57.50
Total P Release 0.80 2.00 3.85 10.80 9.65 12.45 15.65 15.75 8.05 25.85 26.95 42.45 51.75 58.05 68.55 76.05 84.70
Up take - (max-final) 1.50 3.30 4.85 11.90 9.40 12.40 15.30 15.00 5.90 26.00 28.20 44.65 55.80 61.70 72.40 79.40 88.30
VSS 2974 2645 2615 2485 2500 2340 2450 2545 2290 2240 2140 2100 1860 2005 2280 2080 2145
SS 3540 2965 3110 28œ 2840 2640 2840 2755 2595 2370 2480 2390 2260 2715 2880 3060 3010
%VSS 84% 89% 84% 87% 88% 89% 86% 92% 88% 95% 86% 88% 82% 74% 79% 68% 71%
P content/VSS (%) 4% 5% 4% 4% 3% 3% 4% 3% 5% 9% 5% 6% 9% 13% 12% 15% 14%
P content/SS (%) 3.5% 4.0% 3.2% 3.5% 2.5% 2.6% 3.7% 3.1% 4.7% 8.5% 4.1% 5.1% 7.1% 9.4% 9.3% 10.0% 10.0%
P release/gram  of VSS 0.27 0.76 1.47 4.35 3.86 5.32 6.39 6.19 3.52 11.54 12.59 20.21 27.82 28.95 30.07 36.56 39.49
P removal/gram of VSS 0.24 1.91 1.47 0.44 -0.10 -0.02 -0.14 -0.29 -0.94 0.07 0.58 1.05 2.18 1.82 1.69 1.61 1.68
mg P released/ mg COD 
used 0.00 0.01 0.02 0.05 0.05 0.06 0.08 0.08 0.04 0.13 0.13 0.21 0.26 0.29 0.34 0.38 0.42
P relese/C uptake (mol P/mol 
C) 0.01 0.02 0.03 0.08 0.07 0.09 0.11 0.11 0.06 0.15 0.16 0.33 0.40 0.43 0.51 0.62 0.69
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Tim e fm 8Ü m 8/10 8M3 8/1* 8/18 m3 8/26 8/hO m m W8 « 1 3 . «16
0:00 5.90 6.20 8.10 9.30 4.90 9.90 7.30 7.90 7.80 9.90 7.50 10.») 14.10 18.40 16.20
0:50 14.80 20.50 25.50 29.50 34.50 39.50 40.50 34.50 41.50 48.00 34.00 36.50 44.50 45.00 12.00
1:40 23.20 34.00 31.00 47.SO 48.00 S5.00 54.00 53.00 63.00 77.00 57.00 56.50 58.00 48.50 42.50
2:30 27.20 38.50 46.50 62.00 61.50 71.00 66.50 83.50 63.50 70.00 58.50 58.50 66.50 56.50 49.50
4:00 21.00 40.50 37.75 48.25 37.75 52.00 48.25 34.50 33.75 42.75 33.00 43.25 44.25 48.50 39.00
4:30 15.70 22.20 24.»} 22.40 17.20 20.40 18.00 7.80 4.10 10.80 10.20 19.40 saoo 32.00 28.00
5:30 6.30 10.60 10.60 0.80 0.20 2.00 0.60 0.08 0.20 0.44 0.40 1.12 1Z60 24.00 24.20
6:30 3.00 4.20 2.20 0.40 0.20 0.60 0.40 0.10 0.26 0.24 0.32 0.84 6.05 20.00 18.00
7:10 0.70 0.60 0.25 0.59 0.38 0.20 0.88 0.09 0.20 0.49 0.35 0.52 1.79 14.00 14.20
Max P  concentration 27.20 40.50 46.50 62.00 61.50 71.00 66.50 63.50 63.50 77.00 58.50 58.50 66.50 56.50 49.50
Feed concentrated 360 360 435 435 420 485 410 500 520 430 450 465 410 450 440
Feed Diluted 9 9 10.875 10.875 10.5 12.125 l o a 12.5 13 10.75 11.25 11.625 10.25 11.25 11
P conoentraH oi before feed 0.70 0.60 0.5 0.49 0.65 0.45 0.9 0.7 0.92 1.16 0.56 0.61 1.04 12.6 11.9
P concentration In the  effluent 0.7 0.4 0.4 0.61 0.4 0.25 0.35 0.55 0.16 0.42 0.48 0.4 1.96 14 10.2
Initial P  Conc.- (flnal+feedV2 4.85 4.8 5.6875 5.6ffi5 5.525 6.2875 5.575 6.6 6.96 5.955 5.905 6.1175 5.645 11.925 11.45
P rem oval - (init - Mn«d)/inlt 86% 88% 96% 90% 93% 97% 84% 99% 97% 92% 94% 91% 68% -17% -24%
Initial P  R eteæ e - (tzero-inltial) 1.05 0.00 0.00 3.62 -0.63 3.61 1.73 1.30 0.84 3.95 1.60 4.48 8.46 6.48 4.75
P R elease after TO (m ax-tzero) 22.36 34.30 38.40 52.70 56.60 61.10 59.20 55.60 55.70 67.10 51.00 47.90 5240 38.10 33.30
Total P  R elease 23.40 34.30 38.40 58.32 55.98 64.71 60.93 56.90 56.54 71.05 52.60 52.38 60.86 44.58 38.05
Up take - (max-final) 26.50 39.90 46.25 61.41 61.13 70.80 65.63 63.41 63.30 76.51 58.15 57.98 64.71 42.50 35.30
VSS 2335 2330 2320 1950 2280 2010 2165 2185 2310 1960 1940 1776 2220 2040 2155
S S 2745 2810 2760 2670 2785 2570 2680 2655 2900 2420 2715 2180 2680 2410 2315
% v ss 85% 83% 84% 73% 82% 78% 81% 82% 80% 81% 71% 81% 83% 85% 93%
P  content/V SS (%) 5% 7% 6% 7% 9% 10% 7% 8% 6% 9% 14% 16% 12% 7% 6%
P content/SS (%) 4.1% 5.7% 4.8% 5.0% 7.3% 7.8% 6.0% 6.9% 6.5% 7.2% 9.7% 12.8% 9.5% 6.3% 5.8%
P release/qram  of VSS 10.02 14.72 16.55 28.88 24.55 3Z20 28.14 26.04 24.48 36.25 27.11 29.51 27.41 21.85 17.66
P rem oval/oram  of VSS 1.78 1.80 2.34 2.61 2.26 3.03 2.17 2.98 2.93 2.79 2.86 3.15 1.74 -1.02 -1.28
mq P  released / mg COD used 0.12 0.17 0.19 0.28 0.28 0.32 0.30 0.28 0.28 0.36 0.26 0.26 0.30 0.22 0.19
P relese/C  uptake (mol P/m ol C) 0.13 0.20 0.22 0.33 0.33 0.37 0.35 0.33 0.33 0.41 0.30 0.31 0.36 0.26 0.21
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Tim e r m 6 2 8/S 8/10 8/13 «18 « 1 9 8^3 s n s I S « 2 m « 9 «13 «16
0:00 6.60 5.40 8.00 8.00 7.60 8.00 7.60 6.20 6.40 12.00 6.80 10.20 1Z80 13.00 19.00
0:50 11.30 20.75 20.75 35,25 22.25 27.25 29.25 23.50 26.25 31.00 23.25 28.75 26.75 30.75 64.25
1:40 19.40 27.50 27.50 47.00 31.00 41.50 37.00 40.00 40.50 45.50 33.50 42.50 34.00 37.50 38.50
2:30 25.00 38.00 35.00 40.00 41.00 41.00 42.00 38.50 42.50 44.00 38.50 39.50 38.00 43.50 45.00
4:00 14.60 26.50 29.50 23.00 21.50 21.00 18.00 15.50 13.00 8.00 8.50 16.00 9.00 26.50 37.00
4:30 10.25 15.80 16.50 7.60 8.10 2.00 1.50 2.31 2.74 2.49 4.08 9.64 7.32 10.71 26.13
5:30 3.60 5.60 3.80 1.20 0.60 0.60 0.80 0.12 0.34 0.30 0.36 0.32 0.28 6.15 18.00
6:30 1.30 1.40 0.60 0.40 0.40 0.40 0.20 0.16 0.28 0.14 0.42 0.54 0.22 3.10 16.00
7:10 0.40 0.60 0.20 0.40 0.60 0.20 0.65 0.08 0.38 0.36 0.36 0.26 0.38 2.32 13.80
Max P  concentration 25.00 38.00 35.00 47.00 41.00 41.50 42.00 40.00 42.50 45.50 36.50 42.50 38.00 43.50 64.25
Feed concentrated 360 380 435 435 420 485 410 500 520 430 450 465 410 450 440
Feed Diluted 9 9 10.875 10.875 10.5 12.125 10.25 12.5 13 10.75 11.25 11.625 10.25 11.25 11
P concentration trefore feed 0.40 0.60 4.4 4.4 3 0.7 0.4 0.9 1.08 1.72 0.66 0.44 0.64 12.6 11.9
P concentration in the  effluent 0.5 0.3 3.6 2.7 1.1 0.4 0.3 0.3 0.48 0.7 0.54 0.46 0.3 14 10.2
Initial P  Conc.- (fin « + fe^ )/2 4.7 4.8 7.6375 7.6375 6.75 6.4125 5.325 6.7 7.04 6.235 5.955 6.0325 5.445 11.925 11.45
P rem oval - (init - finaiyinit 91% 88% 97% 95% 91% 97% 88% 99% 95% 94% 94% 96% 93% 81% -21%
Initial P  R elease - (tzero-inltial) 1.90 0.00 0.00 0.36 0.85 1.59 2.28 -0.50 -0.64 5.77 0.85 4.17 7.36 1.08 7.55
P R elease after TO (m ax-tzero) 20.30 32.60 27.00 39.00 33.40 33.50 34.40 33.80 36.10 33.50 29.70 32.30 25.20 30.50 45.25
Total P  R elease 22.20 32.60 27.00 39.36 34.25 35.09 36.68 33.30 35.46 39.27 30.56 36.47 32.56 31.58 52.80
Up take - (max-final) 24.60 37.40 34.80 46.60 40.40 41.30 41.35 39.92 42.12 45.14 36.14 42.24 37.62 41.18 50.45
VSS 2235 2245 2320 2130 1840 2160 2105 2115 2380 2050 2050 1765 2260 2150 2130
SS 2710 2755 2780 2610 2260 2700 2580 2650 2980 2610 2855 2200 2780 2740 2490
%VSS 82% 81% 83% 82% 81% 80% 82% 80% 80% 79% 72% 80% 81% 78% 86%
P content/V SS (%) 5% 6% 7% 7% 8% 11% 8% 9% 8% 10% 12% 15% 11% 11% 7%
P content/SS (%) 3.9% 4.8% 5.5% 6.0% 6.6% 8.6% 6.5% 6.8% 6.1% 7.7% 8.8% 12.0% 8.9% 8.7% 6.1%
P release/qram  of VSS 9.93 14.52 11.64 18.48 18.61 16.24 17.42 15.74 14.90 19.15 14.90 20.66 14.40 14.69 24.79
P  rem oval/qram  of VSS 1.92 1.87 3.21 3.40 3.34 2.88 2.22 3.13 2.80 2.87 2.73 3.27 2.24 4.47 -1.10
mq P  released / mg COD used 0.11 0.16 0.14 0.20 0.17 0.18 0.18 0.17 0.18 0.20 0.15 0.18 0.16 0.16 0.26
P  relese/C  uptake (mol P/m ol C) 0.14 0.20 0.16 0.24 0.21 0.21 0.21 0.20 0.21 0.24 0.18 0.22 0.20 0.19 0.30
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Tim e f i » è/2 # 8/10 8/13 8/1$ 8/19 8/23 8/28 « I l 9 » 9/6 m m 3 «16
0:00 6.30 7.60 8.00 9.00 7.20 12.00 10.00 13.20 10.80 16.00 13.60 18.80 27.40 27.60 18.40
0:50 19.80 26.00 27.50 45.00 44.00 5ZOO 54.00 52.00 54.00 63.00 55.00 73.00 50.50 61.50 31.00
1:40 22.40 27.00 27.75 47.75 46.00 46.25 53.25 55.00 59.00 57.75 54.50 66.75 45.50 64.25 57.00
2:30 22.00 26.50 3100 62.00 46.50 60.50 58.50 53.00 57.00 68.50 58.00 61.00 41.00 58.50 60.00
4:00 16.00 24.00 23.50 37.00 36.50 34.00 35.00 39.00 œ .oo 35.00 31.50 31.00 22.00 35.50 50.50
4:30 11.40 13.80 17.20 22.00 25.40 15.20 20.20 17.60 13.30 11.20 14.90 10.50 3.40 6.20 19.80
5:30 6.20 6.40 10.00 11.40 13.30 1.60 1.40 0.26 0.53 2.49 0.47 0.30 0.28 0.48 0.38
6:30 2.80 4.00 6.60 4.60 6.40 1.20 1.40 0.22 0.24 0.50 0.% 0.48 0.16 0.38 0.32
7:10 1.10 2.80 3.70 2.60 0.80 0.40 1.30 0.14 0.40 0.56 0.56 0.54 0.18 0.64 0.38
Max P  concentration 22.40 27.00 31.00 62.00 46.50 60.50 58.50 55.00 59.00 68.50 58.00 73,00 50.50 64.25 60.00
Feed concentrated 360 380 435 435 420 485 410 500 520 430 450 465 410 450 440
Feed Diluted 9 g 10.875 10.875 10.5 12.125 10.25 12.5 13 10.75 11.25 11.625 10.25 11.25 11
P  concentration before feed 1.10 2.80 0.4 0.47 0.5 0.3 0.5 0.4 0.52 0.88 0.3 0.52 0.54 1.5 13.6
P concentration in ttie  effluent 1.5 1.9 0.5 0.46 0.4 0.15 0.55 0.5 0.34 0.24 0.56 0.28 0.3 2.22 13
Initial P  C onc.- (final+fe«l)/2 5.05 5.9 5.6375 5.6725 5.5 6.2125 5.375 6.45 6.76 5.815 5.775 6.0725 5.395 6.375 12.3
P  rem oval - finit - fireriVlnit 78% 53% 34% 54% 85% 94% 76% 98% 94% 90% 90% 91% 97% 90% 97%
Initial P  R elease - (tzero-initlal) 125 0.00 0.00 3.33 1.70 5.79 4.63 6.75 4.04 10.19 7.83 12.73 22.01 21.23 6.10
P  R elease after TO (m ax-teero) 17.35 19.40 23.00 53.00 39.30 48.50 48.50 41.80 48.20 52.50 44.40 54.20 23.10 36.65 41.60
Total P  R elease 18.60 19.40 23.00 56.33 41.00 54.29 53.13 48.55 52.24 62.69 52.23 66.93 45.11 57.88 47.70
Up take - (max-final) 21.30 24.20 27.30 59.40 45.70 60.10 67.20 54.86 58.60 67.94 57.44 72.46 50.32 63.61 59.62
VSS 2380 2460 2435 2375 2350 2285 2100 2200 2555 2265 2460 2220 2475 2465 2370
SS 2880 3060 2900 2965 2780 2796 2590 2630 2845 2780 2980 2620 2970 2980 2780
%VSS 83% 80% 84% 80% 85% 82% 81% 84% 90% 81% 83% 85% 83% 83% 85%
P content/V SS (%) 6% 5% 6% 7% 6% 8% 7% 9% 8% 8% 11% 13% 10% 8% 8%
P content/SS (%) 4.9% 4.3% 6.0% 5.3% 5.5% 6.9% 5.8% 7.2% 7.0% 6.2% 9.3% 11.0% 8.2% 6.7% 7.0%
P re leas« jram  of VSS 7.82 7.89 9.45 23.72 17.45 23.76 25.30 22.07 20.45 27.68 21.23 30.15 18.22 23.48 20.13
P  rem oval/gram  of VSS 1.66 1.26 0.80 1.29 2.00 2.54 1.94 2.87 2.49 2.32 2.12 2.49 2.11 2.33 5.03
m g P released / mg COD used 0.09 0.10 0.12 0.28 0.21 0.27 0.27 0.24 0.26 0.31 0.26 0.33 0.23 0.29 0.24
P  relese/C  uptake (mol P/m ol C) 0.05 0.05 0.06 0.15 0.11 0.14 0.14 0.13 0.14 0.16 0.13 0.17 0.12 0.15 0.12
P concentration, VSS, and SS -  mg/1
c / )
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Tim e 7/29 « 2 I/S 8/10 8/13 8/ÎI 8/19 8/23 am 8/30 « 2 9ffi 9/9 9/13 «16
0:00 7.40 10.80 9.40 11.60 9.80 12.60 13.20 11.20 10.40 1220 10.20 19.00 12.00 10.00 1120
0:50 14.20 19.00 12.50 16.50 12.00 14.50 18.00 12.50 12.50 16.50 10.00 12.00 1200 12.50 23.00
1:40 16.40 21.50 15.00 22.50 12.00 14.50 14.00 10.50 15.00 15.50 11.50 13.00 12.00 1150 12.50
2:30 19.20 22 50 17.75 19.25 16.00 14.25 17.00 14.00 13.50 14.25 11.25 16.00 1150 14.75 1275
4:00 20.00 19.50 13.50 19.50 17.50 1300 13.50 1250 13.60 16.60 1200 1150 10.50 1150 10.50
4:30 14.80 14.60 11.60 11.80 12.20 10.60 9.40 12.40 12.60 11.60 8.80 11.20 10.40 10.00 10.00
5:30 11.80 12.60 8.60 11.40 11.20 1260 9.80 12.80 10.00 9.60 10.60 10.20 10.80 10.00 8.20
6:30 8.40 12.10 7.70 9.60 9.80 11.00 10.10 11.50 9.60 11.30 10.30 9.80 8.10 9.90 5.50
7:10 2.80 9.80 5.40 5.70 8.10 7.90 7.50 9.70 9.60 10.50 7.10 8.50 6.30 6.00 4 .0)
Max P  concentration 20.00 22.50 17.75 22.50 17.50 14.50 18.00 14.00 15.(M 16.50 1200 19.00 1150 14.75 23.00
Feed concentrated 360 360 435 435 420 485 410 500 520 430 450 465 410 450 440
Feed Diluted 9 9 10.875 10.875 10.5 12.125 10.25 12.5 13 10.75 11.25 11G B 10.25 11.25 11
P  concentration tiefore feed 2.80 9.80 0.4 0.47 0.5 0.3 0.5 0.4 0.52 0.88 0.3 0.52 0.54 1.5 116
P  concentration in tlie  effluent 1.5 1.9 0.5 0.46 0.4 0.15 0.55 0.5 0.34 0.24 0.56 0.28 0.3 2.22 13
Initiai P  Conc.- (finai+feed)/2 5.9 9.4 5.6375 5.6725 5.5 6.2125 5.375 6.45 6.76 5.815 5.775 6.0725 5.395 6.375 12.3
P  rem oval - finit - final)/lnit 53% •4% 4% 0% -47% -27% -40% -50% -42% -81% -23% -40% -17% 6% 63%
Initial P  R elease - (tzero-initlal) 1.50 0.00 0.00 5.93 4.30 6.39 7.83 4.75 3.64 6.39 4.43 12.S3 6.61 3.63 0.90
P  R elease after TO (m ax-tzero) 14.10 11.70 8.35 10.90 7.70 1.90 4.80 2.80 4.60 4.30 1.80 0.00 1.50 4.75 9.80
Total P  R elease 15.60 11.70 8.35 16.83 12.00 8.29 12.63 7.55 8.24 10.69 6.23 12.93 8.11 8.38 10.70
Up take - (max-final) 17.20 12.70 12.35 16.K) 9.40 6.60 10,50 4.30 5.40 6.00 4.90 10.50 7.20 8.75 18.40
VSS 2410 2170 2548 2495 2770 2820 3020 2880 2880 2665 2760 2150 2660 2660 2770
SS 2780 2910 2860 2825 3060 3185 3230 3080 3150 31») 2970 2220 2770 2755 2810
%vss 87% 75% 89% 88% 91% 89% 93% 94% 91% 84% 93% 97% 96% 97% 99%
P content/V SS (%) 4% 4% 4% 3% 4% 3% 2% 3% 2% 3% 5% 6% 4% 3% 8%
P content/SS (%) 3.7% 3.0% 3.5% 3.0% 3.9% 2.4% 2.3% 3.1% 2.2% 2.7% 4.4% 5.3% 4.0% 2.8% 8.1%
P release/qram  of VSS 6.47 5.39 3.28 6.74 4.33 2.94 4.18 2.62 2.86 4.01 2.26 6.01 3.05 115 3.86
P  rem oval/qram  of VSS 1.29 -0.18 0.09 ■0.01 -0.94 -0.60 -0.70 -1.13 -0.99 -1.76 -0.48 -1.13 -0.34 0.14 2.78
mq P  released/ m g COD used 0.08 0.06 0.04 0.08 0.06 0.04 0.06 0.04 0.04 0.05 0.03 0.06 0.04 0.04 0.05
P relese/C  uptake (mol P/m oi C) 0.08 0.06 0.04 0.09 0.06 0.05 0.06 0.04 0.04 0.06 0.03 0.07 0.04 0.05 0.05
P concentration, VSS, and SS -  mg/1
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Date
T im e 4 /1 2 4 /1 4 4 /1 9 4 /2 6 siio 5/20
0:00 18.64 23.92 27.17 17.13 103.69 33 .8 3
0:50 46.73 48.82 57.56 31.80 125.22 4 8 .5 5
1:40 47.15 58.42 52.87 45.98 146.65 57 .1 2
2:30 34.57 50.40 59.99 35.19 132.42 45.91
4:00 36.18 54.57 25.72 119.64 4 0 .4 8
4:30 27.67 35.81 41.42 23.01 109.13 18 .70
5:30 18.46 24.79 16.75 12.58 47.09 9 .7 0
6:30 15.98 13.30 13.10 10.43 48.81 9 .2 2
7:10 14.14 13.83 17.94 6.49 24.57 2.72
Initial 18.64 23.92 27.17 17.13 103.69 33 .8 3
max 47.15 58.42 59.99 45.98 146.65 57 .1 2
generation (mg/g SS) 28.51 34.50 32.82 28.85 42.96 23 .2 9
u se  aerobic phase 33.00 44.58 42.05 39.49 122.08 5 4 .4 0
PHA generation mg PHA /g VSS 22.28 24.44 25.06 20.05 29.68 15 .34
P re le a se /g VSS 20.62 19.10 28.72 32.36 58.98 41 .8 6
ratio 0.93 0.78 1.15 1.61 1.99 2 .7 3
aceta te  In the teed  (mg/1) 271.28 271.28 270.30 290.58 277.04 2 7 8 .0 8
SS m g/l 3800.00 4560.00 3130.00 3050.00 2200.00 322 0 .0 0
total PHA (mg) 866.63 1258.57 821.89 703.98 756.16 6 0 0 .0 3
Carbon uptake (mol C) 0.04 0.04 0.04 0.04 0.04 0 .0 4
%PHB 80.84 81.73 78.53 82.10 82.43 87 .5 3
%PHV 19.16 18.27 21.47 17.90 17.57 14 .03
PHA C-mol 0.04 0.06 0.04 0.03 0.04 0 .0 3
PHA/carbon 1.12 1.62 1.07 0.85 0.95 0 .7 6
PHA mg/gSS, SS mg/1
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Data
T im e 4 /1 2 4 /1 4 4 /1 9 4 /2 6 5 /10 5 /20
0:00 13.07 43.39 28.51 21.35 7.28 10 .02
0:60 17.21 25.50 24.07 5.49 6.98 2 .9 6
1:40 12.50 51.70 19.79 7.99 11 .39
2:30 20.78 42.22 25.65 7.27 13.41
4:00 19.38 47.25 33.30 17.73 6.13 9 .3 6
4:30 17.82 36.35 28.23 16.32 6.48 6 .4 7
5:30 15.22 30.37 19.21 14.45 4.20 4 .7 7
6:30 11.38 27.33 16.38 10.26 4.50 5 .1 4
7:10 8.27 19.39 6.87 10.26 3.33 4.00
initial 13.07 43.39 28.51 21.35 7.28 10 .02
max 20.78 51.70 33.30 25.65 7.99 13.41
generation 7.71 8.31 4.79 4.30 0.71 3 .3 9
use  aerobic phase 12.51 32.30 26.43 15.39 4.66 9.41
PHA generation mg PHA /g VSS 7.12 7.33 4.52 3.78 0.53 2.41
P release mg P/g VSS 6.19 3.52 11.54 20.21 28.95 3 9 .4 9
ratio 0.87 0.48 2.55 5.35 54.99 1 6 .3 5
Propionate in the feed (mg/1) 230.43 230.43 272.75 204.40 214.84 1 96 .47
SS 2755.00 2595.00 2370.00 2390.00 2715.00 3 0 1 0 .0 0
total PHA (mg) 169.86 172.51 90.76 82.21 15.48 8 1 .5 9
Carbon uptake (mol C) 0.04 0.04 0.04 0.03 0.03 0 .0 3
%PHB 11.04 4.75 9.27 13.13 21.53 13 .93
%PHV 88.96 95.25 90.73 86.87 78.47 8 6 .0 7
PHA C-mol 0.008 0.009 0.004 0.004 0.001 0 .0 0 4
PHA/carbon 0.22 0.23 0.10 0.12 0.02 0 .1 3
PHA mg/gSS, SS mg/1
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Date
T im e 4/12 4/14 4/19 4/2é 6/10 5/20
0:00 9.97 42.56 30.08 13.21 19.52 9,31
0:50 20.69 26.38 25.80 4.49 5.42 3 .0 7
1:40 11.86 51.38 28.81 21.56 9.88 10 .3 4
2:30 19.89 41.73 27.37 14.24 9.17 13 .52
4:00 18.94 50.24 25.79 6.49 7 .7 5
4:30 16.26 42.63 31.77 15.93 6.75 5 .8 2
5:30 15.40 28.86 24.21 14.59 0.00 4 .3 4
6:30 18.27 29.02 20.69 12.60 3.96 4 .5 2
7:10 7.03 28.22 16.83 11.12 4.74 4.26
initial 9.97 42.56 30.08 13.21 19.52 9.31
m ax 20.69 51.38 31.77 25.79 19.52 13 .5 2
generation 10.71 8.82 1.69 12.58 0.00 4.21
u se  aerobic phase 13.65 23.16 14.94 14.66 14.78 9 .2 6
PHA generation m g PHA /g VSS 9.62 7.44 1.55 11.47 0.00 2 .8 7
P  rd e a se  /g VSS 7.75 3.50 11.24 9.76 31.58 4 9 .7 3
ratio 0.81 0.47 7.24 0.85 1 7 .3 0
Propionate in the feed (mg/1) 230.43 230.43 272.75 204.40 214.84 1 9 8 .47
SS 2750.00 2725.00 2410.00 2280.00 2535.00 3 0 3 5 .0 0
total PHA (mg) 235.63 192.19 32.63 229.41 0.00 1 0 2 .3 2
Cartxin uptake (mol C) 0.04 0.04 0.04 0.03 0.03 0 .0 3
%PHB 11.13 5.44 9.23 9.18 14.17 15 .24
%PHV 88.87 94.56 90.77 90.82 85.83 8 4 .7 6
PHA C-mol 0.012 0.009 0.002 0.011 0.000 0 .0 0 5
PHA/cartxm 0.31 0.25 0.04 0.34 0.00 0 .1 6
PHAmg/gSS, SSmg/1
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Date
K )
S
Time « 1 2 « 1 4 «19 « i é 5/10 5/20
0:00 13.07 43.39 28.51 21.35 7.28 1 0 .02
0:50 17.21 25.50 24.07 5.49 6.98 2 .9 6
1:40 12.50 51.70 19.79 7.99 1 1 .3 9
2:30 20.78 42.22 25.65 7.27 13.41
4:00 19.38 47.25 33.30 17.73 6.13 9 .3 6
4:30 17.82 36.35 28.23 16.32 6.48 6 .4 7
5:30 15.22 30.37 19.21 14.45 4.20 4 .7 7
6:30 11.38 27.33 16.38 10.26 4.50 5 .1 4
7:10 8.27 19.39 6.87 10.26 3.33 4.00
initial 13.07 43.39 28.51 21.35 7.28 10 .02
max 20.78 51.70 33.30 25.65 7.99 13.41
generation 7.71 8.31 4.79 4.30 0.71 3 .3 9
use aerobic phase 12.51 32.30 26.43 15.39 4.66 9.41
PHA generation mg PHA /g VSS 7.12 7.33 4.52 3.78 0.53 2 .41
P release mg P/g VSS 6.19 3.52 11.54 20.21 28.95 3 9 .4 9
ratio 0.87 0.48 2.55 5.35 54.99 1 6 .3 5
Propionate in the feed (mg/1) 230.43 230.43 272.75 204.40 214.84 19 6 .4 7
SS 2755.00 2595.00 2370.00 2390.00 2715.00 3 0 1 0 .0 0
total PHA (mg) 169.88 172.51 90.76 82.21 15.48 8 1 .5 9
Carbon uptake (mol 0) 0.04 0.04 0.04 0.03 0.03 0 .0 3
%PHB 11.04 4.75 9.27 13.13 21.53 1 3 .9 3
%PHV 88.96 95.25 90.73 86.87 78.47 8 6 .0 7
PHA C-mol 0.008 0.009 0.004 0.004 0.001 0 .0 0 4
PHA/carbon 0.22 0.23 0.10 0.12 0.02 0 .1 3
•HA mg/gSS, SS mg/1
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Date
T im e 2-Aug 13-Aug 19-Aug ZSrAug 2-Sep 9-Sep 16-Sep
0:00 34.95 28.97 17.92 16.06 25.47 13.40 25 .47
0:50 35.60 26.25 27.58 16.71 32.39 23 .75 31.20
1:40 33.37 33.24 29.01 26.75 38.33 29.21 45 .09
2:30 40.54 35.36 31.22 # 6 5 40.24 32.81 42.49
4:00 37.18 22.58 26.35 20.27 34.19 27.62 34.34
4:30 26.52 26.85 27.62 16.27 25.31 24 .09 29.00
5:30 22.63 21.99 19.18 12.17 25.03 23.97 20.41
8:30 25.97 17.90 16.26 8.21 20.98 17.84 17.47
7:10 20.38 15.30 13.87 12.50 14.96 14.84
initial 34.95 28.97 17.92 16.06 25.47 13.40 2É + 7
max 40.54 35.36 31.22 26.75 40.24 32.81 45 .09
generation (mg/g SS) 5.59 6.39 13.30 10.69 14.77 19.41 19.62
use aerobic phase 20.16 20.06 17.35 26.75 27.73 17.85 30.25
PHA generation mg PHA /g VSS 4.64 5.23 10.75 8.52 10.55 16.08 18.27
P release /g VSS 14.72 24.55 28.14 24.48 27.11 27.41 17.66
ratio 3.18 4.69 2.62 2.87 2.57 1.70 0.97
Butyrate in the feed (mg/1) 246.40 244.20 248.60 242.00 245.30 238 .70 253 .55
SS 2810.00 2785.00 2680.00 2900.00 2715.00 2680.00 2315.00
total PHA (mg) 125.67 142.31 285.20 248.00 320.81 416 .23 363.40
Carbon uptake (mol C) 0.04 0.04 0.05 0.04 0.04 0.04 0.05
%PHB 80.84 81.73 78.53 82.10 82.43 87.53 87.53
%PHV 19.16 18.27 21.47 17.90 17.57 14.03 14.03
PHA C-mol 0.0059 0.0066 0.0133 0.0116 0.0149 0.02 0 .02
PHA/carbon 0.13 0.15 0.29 0.26 0.34 0.45 0.37
PHAmg/gSS, SSmg/1
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Date
Time 2-Aug 13-Àug ^9-Aug 26rAug 2-Sep 9-Sep 16-Sep
0:00 28.6 14.8 10.6 9.8 23.3 12.3 18.4
0:50 9.6 4.7 3.4 3.8 10.4 3 .2
1:40 34.9 26.0 18.6 12.8 35.1 24.3
2:30 37.0 13.7 18.4 12.8 29.7 22 .4 28 .5
4:00 27.7 26.8 10.4 7.4 28.9 16.1 20.9
4:30 21.8 17.7 9.7 2.8 22.6 8.0 16.3
5:30 16.7 18.6 6.8 4.6 17.9 6.5 11.6
6:30 16.2 12.1 5.4 3.6 20.6 8.2 10.7
7:10 13.9 8.9 6.3 3.3 14.5 4.8 8.7
initial 28.6 14.8 10.6 9.8 23.3 12.3 18.4
max 37.0 26.8 18.6 12.8 35.1 22.4 28.5
generation (mg/g SS) 8.4 12.0 8.1 3.0 11.7 10.1 10.1
use aerotxc ptiase 23.1 17.9 12.4 9.5 20.6 17.7 19.8
PHA generation mg PHA /g VSS 6.8 9.8 6.6 2.4 8.4 8.2 8 .7
Butyrate In the feed (mg/1) 211.6 215.8 224.6 220.7 218.7 212 .3 234.9
SS 2755.0 2260.0 2580.0 2980.0 2855.0 2780 .0 2490.0
total PHA (mg) 184.3 216.5 166.3 72.5 267.8 224 .7 201.5
Caibon uptake (mol C) 0.0 0.0 0.0 0.0 0.0 0 .0 0.0
%PHB 1.5 8.2 0.0 0.0 3.6 1.0 5.7
%PHV 98.5 91.8 100.0 100.0 96.4 99 .0 94.3
PHA C-mol 0.01 0.01 0.01 0.00 0.01 0 .0 0.0
PHA/carl)on 0.13 0.15 0.29 0.26 0.34 0 .5 0.4
PHA/carbon 0.22 0.25 0.19 0.08 0.31 0 .3 0.2
PHA mg/gSS, SS mg/1
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Time 2-Aug 13-Aug 19-Aug 26-Aug 2-Sep 9-Sep 16-Sep
0:00 27.3 10.0 3.3 23.1 24.5 17.2
0:50 37.3 20.2 15.0 12.6 19.7 41.1 39 .5
1:40 72.6 46.5 32.0 21.4 48.0 49.8 36 .9
2:30 71.2 95.5 34.5 30.8 49.0 39.6 33.8
4:00 45.2 26.1 20.1 18.5 34.1 31.8 37.2
4:30 33.9 28.4 22.7 10.3 28.0 22 .5
5:30 17.1 13.5 7.4 5.0 20.9 3.7 8.4
6:30 15.5 10.5 7.3 4.3 12.1 3.0 6 .6
7:10 12.2 13.4 4.3 8.4 2.6 5.8
initial 27.3 10.0 0.0 3.3 23.1 24.5 17.2
max 72.6 95.5 34.5 30.8 49.0 49 .8 39.5
generation (mg/g SS) 45.3 85.4 34.5 27.5 25.9 25.3 2 2 .3
use aérobic phase 60.4 82.1 30.3 30.8 40.5 47.2 33.8
acetate in the feed (mg/1) 195.5 200.5 204.2 197.2 213.2 195.3
propionate In the feed (mg/1) 138.2 141.7 144.3 139.3 150.7 138.0
SS 3060.0 2780.0 2590.0 2845.0 2980.0 2970.0 2780.0
VSS 2460.0 2350.0 2100.0 2555.0 2480.0 2475.0 2370 .0
total PHA (mg) 1107.9 1899.7 715.7 626.8 616.7 601.5
Carbon uptake (mol C) 0.0 0.0 0.1 0.0 0.1 0 .0
%PHB 31.4 30.0 21.4 29.1 21.0 22.1 24.7
%PHV 68.62 69.97 78.57 70.88 78.95 77.9 75.3
PHA C-mol 0.05 0.09 0.03 0.03 0.03 0 .0
PHA/carbon mol c/mol c 1.11 1.85 0.69 0.62 0.57 0.6
PHA mg/gSS, SS mg/1
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T im e i-Aug 13-Aug 19-Aug ilé-Aug 2 -S ep 9-S *P lë -S e p
0:00 21.2 19.3 7.5 7.2 18.1 i7 .9 4 ) 5
0:50 16.7 5.7 12.4 5.1 11.6 21 .6
1:40 42.0 13.0 11.1 11.0 16.2 28.1 49 .9
2:30 43.3 17.4 11.4 9.8 21.4 34.8 47 .8
4:00 35.6 14.0 10.9 9.9 17.1 29 .6 31.8
4:30 28.5 11.0 8.4 11.4 14.9 15.7 48 .6
5:30 9.5 10.4 6.6 9.2 16.5 14.6 34.1
6:30 12.9 8.3 5.8 6.7 12.7 27.5
7:10 13.2 8.1 5.0 6.3 7.2 23.4
initial 27.3 10.0 0.0 3.3 23.1 24 .5 1 7 i
max 72.6 95.5 34.5 30.8 49.0 49 .8 39.5
generation (mg/g SS) 45.3 85.4 34.5 27.5 25.9 25.3 22.3
use aérobic phase 60.4 82.1 30.3 30.8 40.5 47 .2 33.8
PHA generrtion mg PHA /g VSS 195.5 200.5 204.2 197.2 213.2 195.3
Glucose in the feed (mg/i) 138.2 141.7 144.3 139.3 150.7 138.0
SS 3060.0 2780.0 2590.0 2845.0 2980.0 2970.0 2780.0
total PHA (mg) 2460.0 2350.0 2100.0 2555.0 2460.0 2475 .0 2370.0
Carbon uptake (mol 0) 1107.9 1899.7 715.7 626.8 616.7 6 01 .5
%PHB 0.0 0.0 0.1 0.0 0.1 0 .0
%PHV 31.4 30.0 21.4 29.1 21.0 22.1 24.7
PHA C-moi 68.62 69.97 78.57 70.88 78.95 77.9 75.3
PHA/cart>on 0.05 0.09 0.03 0.03 0.03 0 .0
PHA/carbon mol c/moi c 1.11 1.85 0.69 0.62 0.57 0 .6
PHAmg/gSS, SSmg/1
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APPENDIX C
INVESTIGATION OF THE MICROBIAL COMMUNITY OF THE 
SEED SOURCE - THE EBPR SYSTEM AT CCRWD
The EBPR system at Clark County Water Reclamation Facility (CCWRD) is 
illustrated in Figures A1 and A2. This plant consists of ten aeration tanks, each 
containing one anoxic zone (Al), three anaerobic zones (A2, A3, and A4) and one 
aerobic zone (AB). Each individual aeration tank has its own clarifier (CLO) and is an 
independent unit.
Primary effluent (CABI), which is rich in VFA, enters the EBPR system at A2 and 
Recycled Activated Sludge (RAS), which is rich in nitrates, is added to tank Al. This 
setup reduces the competition between PAOs and denitrifying bacteria (i.e. bacteria 
capable of reducing nitrate to nitrogen gas) in tank A2. The presence of denitrifiers is 
very deleterious to EBRP, since they consume VF As faster than PAO's when nitrate is 
available as electron acceptor. Nitrate from the RAS is held in Al and slowly diluted 
into A2 giving PAOs the advantage of consuming VF As first. Tanks A2, A3, and A4 are 
anaerobic and stimulate phosphorus release. ABI and ABE are respectively die influent 
and effluent of the aeration basin (AB) where phosphate is taken up by PAOs in excess to 
their metabolic needs.
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Figure C.l -  Schematic representation of the EBPR system at CCWRD.
Figure C.2 - EBPR system at CCWRD - anoxic (Al) anerobic (A2, A3, and A4) and 
aerobic tanks (AB).
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Orthophosphate (OP) was monthly measured at CABI, A l, A2, A3, A4, ABI, ABE 
and CLO to ensure that the system was performing well when the seeds were collected. 
The OP profiles measured in the CCWRD’s EBPR system are illustrated in Figure A3. 
The influent OP concentration at CABI varied from 3.2 to 5.0 mg/L as P. As expected, 
the OP concentration progressively increased in tanks A2 and A3 reaching maximum 
value between 10.8 and 19.8 mg/L as P in tank A4. The variation in P concentration 
indicates that in tanks A2 to A4 phosphate was being released as expected. The OP 
concentration decreased sharply as the sludge entered the aerobic tank at ABI and further 
decreased through the AB reaching a minimum between 0.06 to 0.3 mg/L as P level at 
ABE. The phosphate uptake in the aeration tank clearly indicates excess phosphate 
removal. This plant normally achieves high phosphate removal with effluent 
orthophosphate concentrations lower than 0.5 mg/L as P. The removal performance 
observed in the EBPR system at the plant during the experimental period varied fiom 
94% to 98% with an average of 95% and a standard deviation of 2%.
3/24/2004
4/10/2004:
5/7/2004
I1 7/26/2004
-* -9 /6 /2 0 0 4
9/6/2004
C A B I A l  A 2  A 3  A 4  A B I A B E  CLO
Figure C.3 -  Orthophosphate profiles, observed during this study, at the CCWRD’s 
EBPR system.
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Figure A.4 shows the results of the clustering analysis of the T-RFLP profiles 
obtained using restriction enzymes Alu/ and Hha/ in several sludge samples taken at 
CCWRD. Since the primers used for PCR amplification were double-labeled, two 
dendrograms (i.e. red dye 3’ terminal and blue dye 5’ terminal) are presented for each 
enzyme (Alu/ and Hha/). In general, the microbial communities of the plant during the 
first and second runs were separated into two distinct clusters. The Jaccard distance 
between these clusters varied fi"om 0.35 to 0.48. The closest the Jaccard distance is from 
0 greater is the similarity between the microbial communities. The analysis of replicates 
presented in Chapter 6 shows that a maximum distance of 0.3 can be considered to 
evaluate similar profiles. The T-RFLP profiles determined for the field samples indicated 
that the microbial communities established in the plant during the first and second runs 
are slightly different. However several clusters presented Jaccard distances shorter than 
0.30 indicating high level of similarity among the field samples.
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Figure C.4 - Clustering analysis of T-RFLP profiles (Alu 5’, Alu 3% Hha 5’, and Hha 3’) 
generated from CCWRD’s activated sludge samples.
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Specific changes in the microbial community at the CCWRD plant were investigated 
using FISH and targeting known PAO's and GAO's . Probes targeting Candidatus 
accumulibacter phosphatis (PAO) and Candidatus compitibacter phosphatis (GAO) were 
used concomitantly with a universal probe (EUB) which targeted the whole bacterial 
community. Dual hybridization (i.e. PAO and EUB, GAO and EUB) was performed 
allowing the simultaneous identification of the entire community as well as the specific 
targeted microbes. The digital microphotographs generated in this study were processed 
using the Software ImageJ (National Institute of Health, USA, http://rsb.info.nih.gov/ij/) 
and the areas correspondent to PAO, GAO, and EUB were digitally calculated. The 
abundance of die microbes of interest was evaluated by determining the percentage of the 
total area which was occupied by a specific microbe (i.e. PAO or GAO) and it was named 
in this study percent relative abundance (%RA).
The FISH analysis showed that both Candidatus accumulibacter phosphatis and 
Candidatus compitibacter phosphatis are present in the EBPR system of CCRWD 
(Figure A.5). Both communities are composed by cocci like cells agglomerated in flocks. 
In general, GAOs occurred mostly within the sludge flocks, while the PAOs were more 
isolated occurring normally in the vicinity of the flock. The %RA of GAOs was 
normally greater than the %RA of PAOs.
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Figure C.5 -  Confocal digital microphotographs indicating the presence of both 
Candidatus accumulibacter phosphatis and Candidatus 
compitibacter phosphatis.
Samples of CCWRD used to seed the SBR reactors (i.e. SI and S2) were collected 
respectively in 03/24/2004 and 07/26/2004. Table A.l shows the Jaccard distances 
obtained from T-RFLP analysis for both seeds (SI and S2) using two enzyme (Alu and 
Hha) and each respective terminal fragment (5’ and 3’). In average, the Jaccard distance 
between the two seeds was found to be 0.45.
Table A.1 -  Jaccard distances between the seeds SI and S2 used in the first and second 
runs.
Enzyme/terminal
Jaccard distance 
(0-1)
Alu/5’ 0.42
Ahi/3' 0.55
Hha/5’ 0.45
Hha/3’ 0.40
Average 0.45
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Differences between SI and S2 were also evaluated based on the %RA of PAOs 
and GAOs determined in the FISH analysis. The %RA of PAOs and GAOs in SI and S2 
were compared using a two sample t-test for population mean, without considering equal 
variances. The hypotheses that the %RA of PAOs as well as the %RA of GAOs are 
equal in the seeds SI and S2 were separately tested. The P values found were 
respectively 0.26 and 0.78. These values indicated that at a 95% confidence level there 
was no evidence to reject any of the hypotheses. For this reason in terms of the 
microorganisms targeted in the FISH analysis the seeds SI and S2 can be considered to 
be very similar.
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APPENDIX D
T-RFLP PROFILES
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